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Abstract 
This thesis describes an investigation of the use of DNA junctions as functional 
nanoswitches, capable of molecular recognition tasks in nucleic acids. The topological 
branch point allows a conformational change from a planar, open structure to a closed 
conformation which allows the junction arms to stack. 
The properties of DNA junctions were examined initially, in the context of building a 
stable nanoswitch. The junctions were characterised in three areas: The analysis of 
the nanoswitch configuration using fluorescence techniques, stability of the nanoswitch 
in appropriate solution conditions, and solution conditions required to cause a 
conformational change. FRET was used throughout this thesis to probe nanoswitch 
conformation, using fluorophores attached to junction arms, judiciously chosen to cause 
large changes in FRET efficiency upon a conformational change. 
It was shown that changes in FRET efficiency were sufficient to allow steady-state 
fluorescence, time-resolved fluorescence of the donor and FLIM of the donor were 
all capable of resolving changes in nanoswitch conformation. A two-state model was 
shown to be applicable to the system, while combined gel electrophoresis and steady-
state fluorescence showed that a stable nanoswitch could be constructed in the desired 
solution conditions. 
A stable nanoswitch was then designed which formed a complete cruciform structure 
only when hybridised to a complementary target. Introduction of single base 
mismatches in the target at the nanoswitch branch point caused changes in FRET 
efficiency, depending upon the mismatch in question. This methodology was shown to 
be applicable to both DNA and RNA target sequences. 
The structural origins of these changes in FRET efficiency were then investigated using 
time-resolved fluorescence spectroscopy. Donor fluorescence decays were fitted using 
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an assumption of a Gaussian distribution for the fluorophore separation. The results 
showed a maximal change in peak position of 10 A, illustrating the sensitivity of these 
devices. 
In an attempt to elucidate the true distribution for the fluorophore separation, a 
distribution of lifetimes was fitted and interpreted as a distribution of separation 
distances; this provided an estimation of the form without a-priori assumption of its 
shape. The results implied that target mismatches prevented the nanoswitches from 
adopting the closed conformation, to varying extents. These allowed the calculation of 
representative free energy curves, which shed light on the energetic perturbations at 
the heart of the molecular recognition mechanism. 
The fluorescent analogue of adenine, 2-amino purine (2AP), was used as a direct probe 
of the branch point structure. A branch point adenine was replaced with 2AP, which 
was then excited directly to obtain time-resolved fluorescence decays. These featured 
a short lifetime component which can be attributed to nearest neighbour base stacking 
interactions, allowing conclusions to be drawn on the branch point configuration. This 
also demonstrated the operation of a totally label free device for molecular recognition. 
Finally, a high throughput analysis mechanism was demonstrated. This used a 
fluorescence lifetime plate reader to obtain donor fluorescence decays for numerous 
samples in a short exposure time, which were used to determine the nanoswitch 
conformation. Using a time-resolved approach has the benefit of being independent 
of local sample concentration, which is ideal for nanotechnology applications. 
These nanoswitches have been shown in this thesis to be promising prototype molecular 
recognition devices. This work provides a foundation to their operation and structure 
which can be used in future rational design and implementation. 
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Chapter 1 
Introduction 
1.1 A Novel Approach to DNA Genotyping 
Deoxyribonucleic acid (DNA) is a repeating polymer, which contains the code for the 
existence and development of all living organisms. Its structure was originally suggested 
in 1953 by James Watson and Francis Crick as "a possible copying mechanism for the 
genetic material" [1]. 
The structure is of the form of a double helix, with a width of 22 - 26 A [2] and lengths 
dependent on the number of repeating units or nucleotides, each of which have length 
3.34 A [2]. In human DNA, this results in a DNA length of up to - 70 mm [3]. 
Each nucleotide contains a pentose sugar and a phosphate group, attached to a base. 
There are four bases: Adenine (abbreviated A), cytosine (C), guanine (G) and thyrnine 
(T). These form a polymer through diester bonds between two carbons on the sugar 
ring. These polymer chains can then combine to form the charcteristic double helix, 
shown in Fig. 1.1. This is held together by hydrogen bonds between the bases, which 
allows the helix to be unzipped in various genetic processes [4]. The direction of each 
backbone polymer is defined using the 3' and 5' ends: An end with a terminal OH 
group is a 3' end and the phosphate denotes a 5', as shown in Fig. 1.1. 
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5,  
Figure 1.1: The individual nucleotides form a polymer, which in turn forms the DNA 
double helix. This plot also shows the location of the 3' and 5' ends. The backbone 
location is indicated by the dashed lines. Carbon atoms are green in this representation, 
nitrogen atoms are blue, oxygen red, phosphorous gold and hydrogen white. 
The hydrogen bonding between bases occurs between specific pairs: A pairs with T, 
and C with G. This base pairing is illustrated in Fig. 1.2 which explicitly shows the 
location of the hydrogen bonding. It is clear that the C—C pair has an additional 
hydrogen bond, which leads to DNA molecules with more C—G base pairs being more 
stable (and therefore having a higher melting temperature). As the phosphate groups 
carry a negative charge, the backbone of the double helix is negatively charged. 
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Figure 1.2: The structure and base pairing of the A, C, C and T bases is shown here. 
Hydrogen bonds are indicated by dashed black lines. In the case of C—G pairing there are 
three hydrogen bonds, one more than for A—T pairing. As a result, duplexes increase 
stability with increased C—G pairs. The sugar-phosphate backbone monomers are not 
shown. 
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Detection of specific DNA sequences is essential in genotyping processes. The task 
involves identifying a specific nucleotide sequence of importance; certain sequences 
can, for instance, highlight susceptibility to disease [5] 
Recognition of a given target sequence is typically achieved using assays based on 
complementary binding of a target to a probe, and the general strategy is expressed in 
Fig. 1.3(a). The target is labelled with a fluorophore and hybridised to a complementary 
probe. With the hybrids immobilised on a surface, the unbound sequences are removed 
and the fluorophores used to determine the extent of hybridisation. This forms the 
basis of microarray technology. 
This methodology poses several problems, including the need to label the target. 
Results can also be skewed by non-specific binding, as illustrated in Fig. 1.3(b). A 
non-complementary target can sit on the surface and appear bound using fluorescence 
assays. 
Despite these limits on sensitivity, this methodology has allowed extensive exploration 
of gene organisation and diagnosis of disease [6]. Single-nucleotide polymorphisms 
(SNPs, pronounced snips) are single nucleotide variations which are the most frequent 
type of variation in the human genome and are therefore crucial biological markers, 
making them extremely useful in research [5]. 
DNA microarrays are widely in use for SNP genotyping, such as the AffymetrixTM 
system. Using the principle of Fig. 1.3, a microarray containing probes for each SNP is 
fabricated. Due to the possibility of non-specific binding, the microarray uses several 
redundant probes for each SNP under analysis to build up statistical confidence in the 
result. This method allows a large number of SNPs to be interrogated, including over 
half a million human SNPs, although the specificity problems and the need for target 
labelling are drawbacks. 
These issues have driven research in the last decade towards developing novel 
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(a) 	 (b) 
AiL 
Figure 1.3: (a) The schematic detection of a (red) target sequence using a (blue) probe 
in a typical combinatorial DNA sequencing assay. (b) False results can occur when a 
non-target sequence (purple) binds non-specifically to a surface. 
methodologies for SNP genotyping. An ideal solution would be label free, negating 
the need to label the target, and feature greatly increased specificity over conventional 
microarray technology. To this end, a number of approaches have been suggested which 
utilise a conformational change which produces sequence-specific results. 
The molecular beacon [7] is a promising technology in this area, illustrated in Fig. 1.4. 
The initial loop structure is formed with a small region of complementary base sequence, 
leading to a stem-type structure. At the base of this stem, a fluorophore is quenched (for 
example, by fluorescence resonance energy transfer (FRET), discussed in Chapter 2.3.2) 
by another molecule. In the presence of a fully complementary target sequence, the 
loop will unfold. This forces the fluorophore and quencher further apart, allowing the 
fluorophore to fluoresce freely. Specific probes can be used in combination to interrogate 
two alleles (variations of a gene caused by mutation), with the resulting fluorescence 
output at a different wavelength for each probe. Analysis of the emission spectrum can 
then identify whether the sample is homozygous or heterozygous. 
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Figure 1.4: The schematic operation of a molecular beacon. 
This concept has been extended to aptamer beacons [8] for the detection of a wide 
range of ligands. Aptamers are oligonucleotide or peptide molecules which bind a 
specific target molecule. Using the same stem-loop initial design shown in Fig. 1.4, the 
unfolded sequence can fold to form a valid receptor for proteins and other biological 
ligands of interest. 
These methods adopt recognition processes which employ a conformational change to 
increase specificity of recognition, whilst negating the need for target labelling. Both 
cases require a complementary stem sequence, which must then be unzipped by the 
breaking of hydrogen bonds. 
This thesis describes the design of a prototype molecular recognition mechanism, based 
around the Holliday DNA junction [9], the structure of which is discussed in depth in 
Chapter 1.2. The Holliday junction (HJ) is a cruciform of two DNA duplexes which 
is an intermediate in genetic recombination processes. The junction adopts an open 
conformation, with the arms roughly directed to the corners of a planar square, in 
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Figure 1.5: The use of a DNA nanoswitch as a molecular recognition device is 
shown schematically here. The probe, shown here in red, binds to a target through 
complimentary Watson- Crick pairing. The target is shown here in blue. The location 
of the fluorophores is chosen to ensure high FRET efficiency in the stacked conformer. 
solutions of low cation concentration. In sufficiently high cation concentrations, the 
junction will undergo a conformational change to a compact, closed conformation where 
the junction arms stack upon each other. 
The envisaged principle is shown in Fig. 1.5: A partial DNA cruciform structure, which 
we denote here as a nanoswitch, binds with a target through complementary binding. 
The resulting structure can then undergo a conformational change to the stacked 
conformation, allowing molecular recognition through FRET between fluorophores 
attached to the nanoswitch arms. 
The form of the stacked structure is largely defined by the branch point DNA sequence 
[10]. Single nucleotide variations in this region would therefore be expected to have a 
dramatic effect on the stacked conformation, allowing the formation of a highly sensitive 
molecular recognition device. This is distinct from the method employed by molecular 
beacons as the binding and conformational change are two entirely different steps; this 
property could confer a greater sensitivity. 
Structural studies on these length scales are inherently difficult. Fluorescence methods 
are used throughout this thesis, particularly FRET. This involves the transfer of energy 
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between two fluorophores without the emission of a photon with a sensitive sixth-
power dependence on the separation of the fluorophores, which can be selected to give 
maximum sensitivity on appropriate length scales. In this thesis, a steep change in 
FRET efficiency is achieved between 20 - 100 A separation using a fluorophore pair 
selected specifically for this purpose. 
For a nanoswitch to be useful in this context, it needs to be structurally stable in 
all appropriate solution conditions. Furthermore, the cation concentrations necessary 
for a conformational change must be well defined, and the fluorescence response well 
characterised. After an introduction to the background theory and techniques used, this 
thesis proceeds by investigating the stability of a well-studied DNA junction in a variety 
of solution conditions. Its stability is assessed, along with its switching characteristics 
and fluorescence output, with the aim of identifying the basic characteristics of a fully 
functional nanoswitch. 
The molecular design of a candidate nanoswitch for molecular recognition is then 
described. Its steady-state fluorescence output is used to asses the molecular recognition 
capabilities of the nanoswitch, with particular reference to single nucleotide mismatches 
throughout the target sequence. 
The specific effect of mismatches at the junction branch point are then investigated 
using time-resolved fluorescence spectroscopy. This is first achieved by fitting donor 
fluorescence decays with the assumption of a Gaussian distribution for fluorophore 
separation, extracting the peak position and width of these distributions. This gives an 
indication of the scale of structural perturbations caused by mismatches in the branch 
point. 
This work is then extended to use generalised forms for the fluorophore separation 
profile, without being limited to Gaussian shapes. This allows other perturbation 
effects to be considered, including bimodal profiles containing a mixture of two states. 
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The results are then used to estimate the size of free energy perturbations introduced 
by these mismatches to gain insight to the mechanism of molecular recognition. 
To directly probe inter-base interactions at the branch point, time-resolved fluorescence 
studies of nanoswitches with the fluorescent base analogue 2-aminopurine (2AP) are 
used. 2AP has a different decay profile when in a highly stacked environment, which 
make it ideal for probing the interactions at the branch point when mismatches are 
introduced. Furthermore, this negates the need for FRET fluorophores and introduces 
a totally label free detection mechanism. 
Finally, an approach for high-throughput analysis of nanoswitches is discussed. This 
uses a fluorescence lifetime plate reader to make quick measurements of multiple 
samples in a multi-well plate. For each well, a donor fluorescence decay is measured 
which can then be used to infer a representative fluorescence lifetime. Using FRET 
to observe changes in structure, changes in donor lifetime can be used to infer 
nanoswitch structure. When considered alongside preliminary fluorescence lifetime 
imaging microscopy (FLIM) measurements, this presents a possible high-throughput 
analysis methodology. 
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1.2 DNA Junctions 
DNA junctions have been a source of much interest since they were first proposed 
in 1964[9]. Extensive studies have since allowed their generic properties to be well 
defined. Originally suggested as a homologous recombination intermediate for gene 
conversion in fungi [9], they were later described as a general intermediate in genetic 
recombination processes [11]. They have also been described in viral integration [4]. 
The first experimental confirmation of the existence of DNA junctions was presented 
in the form of an electron microscope image in 1976 [12]. 
The dimensions of these molecules make structural studies inherently difficult. Early 
research used gel electrophoresis [13, 14, 15], using gel shifts to infer the symmetry of 
immobilised junctions. Transient electric birefringence was also used in early structural 
studies [16]. Studies then moved to using fluorescence techniques, in particular 
fluorescence resonance energy transfer (FRET) [17]. Other methods include chemical 
and enzyme action based techniques, and NMR studies [18]. 
Despite these techniques being rather indirect to varying extents, the structures implied 
were largely confirmed by atomic resolution x-ray crystallography, and the results are 
summarised here. 
The general structure of the junction is shown in Fig. 1.6(a). The topology consists of 
an intersection of two entwined DNA duplexes, with exchanging strands at a junction 
branch point. When the junction consists of an appropriate base sequence, the junction 
can undergo branch-point migration [19, 20], allowing the point of strand exchange to 
travel down the component duplexes, which also means the junction can be immobilised 
by judicious choice of branch-point sequence [21]. Indeed, the junctions used in later 
sections of this thesis are based around this type of molecule. 
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(a) 	 (b) 
Figure 1.6: Schematic representations of the Holliday DNA junction in the open (a) and 
closed (b) conformations. The central branch-point in the open case is fully extended, 
whilst the backbone phosphates come into close proximity in the closed case to allow the 
junction arms to stack. 
In solutions of low cation concentration the junction adopts an open conformation, 
shown in Fig. 1.6(a). Negatively charged phosphate groups on the DNA backbone 
force the branch-point into a configuration of maximal charge separation, forming a 
structure akin to a planar square with some tetrahedral quality due to the uneven 
lengths of the backbone tethering it together [10]. 
In the presence of a sufficient concentration of cations in the buffer solution, the junction 
will fold into a stacked-X structure [14, 17]. Cations allow the phosphate groups to come 
into close proximity by neutralising the charge by some mechanism, be it either site-
specific or bulk charge screening [10]. Furthermore, the stacked junction is anti-parallel 
in nature[14, 17]; that is, the exchanging strand is sharply bent as in Fig. 1.7. This 
property was viewed as surprising at the time, even by Holliday himself [22]. 
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Figure 1.7: The anti-parrallel nature of the stacked DNA junction is illustrated here. 
Both stacking conformers are schematically represented. 
There are two possible arrangements for this stacked conformer, depending upon which 
arms stack upon which. Furthermore, the bias between those conformers is affected by 
the junction sequence [23, 24]. Although the choice of bias is generally decided by the 
closest four bases, longer range influence exists [10, 18]. The folding cation can also 
affect the preference depending on how it interacts with the junction; for instance the 
hexammine cobalt(III) ion contributes greatly to hydrogen bonding through ammine 
ligands [10], whilst hydrated Mg2 ions can interact with oxygen atoms in the phosphate 
backbone [25]. 
In junctions which adopt a mixture of two stacked conformers, interconversion is 
possible [24]; indeed, this property has been exploited in the fabrication of a DNA 
junction based nanometronome [26] and estimation of the torsional forces involved has 
been possible using combined measurements from force-sensing optical tweezers [27, 28] 
and single molecule FRET [29]. 
Crystallography studies have allowed the properties required for junction formation to 
be studied [30], with the two initial studies featuring a DNA-RNA composite junction 
[31] and one with two G - A mismatches [32]. A fully complementary junction, therefore 
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representing the junction originally conceived by Holliday, was produced within 12 
months [33]. 
In the case of crystallised junctions, a common feature of all stable structures has been 
an ACC motif on one spine at the branch point. In addition to the investigations 
outlined above, junctions with this motif were studied in the presence of stabilising 
cations [34], in cross linked structures [35], chemically altered structures [36] and as 
a fully complimentary junction [37, 38] which shows this ACC motif to be the most 
stabilising aspect of the junction. Furthermore, the third C of this group appears to 
be essential for junction formation, although not fully stabilising in its own right. The 
central base in this sequence needs to be a pyrimidine, which allows the sequence ATC 
to form a junction, but with less stability than ACC junctions. The interaction of the 
central C with the exchanging backbone is speculated as the cause, with electrostatic 
interactions thought to be the dominant effect considering the branch point geometry 
[39]. Finally, with one exception, the first base in this motif is necessarily a purine [39]. 
These extensive studies have allowed the stacked structure to be fully described, with a 
consistent basis set described in terms of the angle subtended between arms (interduplex 
angle), the rotation of the duplexes about the helical axis (J011)  and the location of 
these along the helical axis (J31) [40]. The properties derived from the crystal are 
generally consistent with those predicted from solution studies, with the exception of 
the interduplex angle, which is predicted as 400  in the crystal but ' 60° in solution 
[10, 41]. However, a subsequent study has confirmed this is due to differing sequences 
rather than crystal lattice distortions [42], and the interduplex angle is considered to 
be flexible around 600 . 
In this thesis, the ability of the junction to switch from an open to a closed, stacked 
conformation is investigated as a method of molecular recognition. For these to be 
useful as discrete nano-scale devices, a number of design characteristics are necessary. 
Firstly, it is necessary for the molecule to be structurally stable, as studies have 
13 
Chapter 1. Introduction 
suggested synthetic junctions of short arm length have a tendency to instability at 
typical buffer concentrations [43]. In addition, it is preferable that the junction has a 
significant bias to one closed conformer as this simplifies structural studies. For this 
purpose, all designs have been based upon the branch point sequence of Ji [21], which 





Throughout, this thesis uses fluorescence spectroscopy techniques to probe nanoswitch 
structure in a range of conditions. Fluorescence represents a particular class of 
luminescence and was first observed in 1845 [45]. The general process involves the 
excitation of a fluorescent molecule, or fluorophore, by an incident photon, before the 
emission of a lower energy (longer wavelength) photon. This wavelength change is 
known as the Stokes shift [46]. 
Photoluminescence can be split into two classes: Phosphorescence and fluorescence. 
The distinction was initially drawn on the emission time scale, with fluorescence 
emission occurring immediately after excitation according to the human eye. By 
contrast, phosphorescent materials were observed to continue emitting light for a 
significant time after excitation. This definition was then narrowed to define a limit 
for the lifetime of fluorescence emission, with materials with lifetimes of typically 10 
ns defined as fluorescent substances [47], with longer lifetimes considered to be those 
of phosphorescent materials. 
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Figure 2.1: A Jablonski diagram of a toy system, illustrating the processes of excitation, 
internal conversion, intersystem crossing and emission. Three possible photonic 
excitation routes are illustrated in green, cyan and blue. 
The final definition of fluorescence, however, is of an allowed transition between singlet 
states, defined in Chapter 2.2.4, causing the rapid emission rate which was characteristic 
of the previous definition; formally, the excited electron is paired by opposite spin 
with a ground state electron and so can make the transition without violating the 
Pauli Exclusion principle (discussed in Chapter 2.2.4). The processes involved are best 
described with the aid of a Jablonski diagram [48]. Fig. 2.1 shows a Jablonski diagram 
for a toy system. Initial excitation, generally by absorption of a photon, can be to a 
higher singlet state and, indeed, vibrational energy levels therein. Which transitions 
are most intense is governed by the Franck-Condon principle which qualitatively states 
that molecular vibrations are slow on the time scale of electronic transitions; this is 
discussed in detail in Chapter 2.2.5. Vibrational levels will then almost always relax to 
the lowest excited singlet state, a process known as internal conversion. Fluorescence 
emission will then usually occur by relaxation to the electronic ground state or one of 
its excited vibrational states. 
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As an alternative relaxation route, the excited state can undergo intersystem crossing 
to an excited triplet state, through spin conversion. The resulting, forbidden, transition 
results in phosphorescence emission. 
Nuclear motions are negligible on the time scale of fluorescence emission transitions 
(typically around 10'5  s [47]), the basis of the Franck-Condon principle. To this 
end, these transitions can generally be considered instantaneous and the most intense 
absorption transitions will generally correspond to the most intense emissions. 
Excitation and emission spectra are approximately 'mirror images' of each other and 
this is illustrated in Fig. 2.2. As the molecular geometry is not greatly changed by 
electronic excitation [47], the vibrational levels of the ground state are similar to those 
of the first excited (singlet) state. As such, transitions from the first excited to ground 
electronic states can occur to any of the vibrational levels of the ground state. 
The aim of this chapter is to provide a theoretical background to fluorescence and its 
use, in the context of this thesis, as a powerful tool for obtaining structural information 
of biological molecules. The interactions of quantum systems with electromagnetic 
radiation are covered, with particular attention to selection rules. The practical use 
of fluorescence as a structural probe is then discussed, with discussions of FRET and 
time-correlated single photon counting. 
17 
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Figure 2.2: A schematic demonstrating 'mirror image' excitation (indicated by dashed 
lines) and emission (solid lines) spectra. The similar vibrational structure in both the 
ground and excited electronic states leads to similar emission and excitation. Only the 
first and second vibrational levels are shown in this schematic. 
2.2. Selection Rules 
2.2 Selection Rules 
2.2.1 Quantum Formulation 
A quantum system is described by its wave function, W, which must satisfy the 
Schrödinger equation: 
	
= fti • 	 (2.1) 
The probability of finding a quantum system in a given quantum state dp is found from 
its wave function: 
P 
= f I@1I2d 	
(2.2) 
where the normalisation condition is therefore: 
f
(d= 	1. (2.3) 
If the potential term in the Hamiltonian, ft, has no explicit time dependence, the wave 
function can be split into time-dependent and time-independent parts: 
IF = 
	 (2.4) 
The spatial part is the governed by the time-independent Schrödinger equation: 
HW=EW. 	 (2.5) 
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2.2.2 Time-Dependent Perturbation Theory 
Let a time-dependent Hamiltonian be represented as: 
H(t) = Ho + )H/ (t) 	 (2.6) 
where H0 is a time-independent component with a time dependent "perturbation", 
H'(t). 
The time-dependent Schrödinger equation (2.1) has acceptable solutions of the form: 
( Eç t\ 
>ck(t)bkexp (\_i_) 	 (2.7) 
k 
where: 
Ok are eigenfunctions of fto , 
Ek are the corresponding energy eigenvalues, and 
Ck(t) are coefficients which are, by definition, time dependent. 
CO) is the probability amplitude of finding the system in the eigenstate represented 
by L'k. As a result, the time dependence of these coefficients is of particular interest. 
From time dependent perturbation theory we can write [49]: 
dc2 - 1H 1(t)exp(i 2it) 	 (2.8) 
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H 1 = (2 ft"(t)I 1) 	 (2.10) 
which is the transition matrix element for the transition from eigenstate 1 to 2. If this 
quantity is 0, the transition is forbidden as the rate of change of c2 is 0; this is the 
origin of selection rules. 
2.2.3 Summary of Electric Dipole Selection Rules 
Only certain transitions are 'allowed' for electric dipole transitions. These arise from 
evaluating (2.10) with the time-dependent perturbation provided by an electric dipole 
in z- and x-y polarised directions. These are summarised as: 
2.2.4 Spin Selection Rules 
The spin statistics theorem states that systems of identical bosons have a totally 
symmetric wave function, i.e. the wave function is unchanged under exchange of particle 
labels. Fermions, including electrons, require the wave function to be totally anti-
symmetric, i.e. the wavefunction changes sign under exchange of particle labels. 
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Consider as an example a two electron system. For a symmetric spatial wave function 
an anti-symmetric spin component is required. This corresponds to the spin singlet: 
/ 1 i\ ( 1 i"1 
spin 	
[+,-) - -)+)j 	
(2.11) 
which has spin quantum number S = 0 and where (+, -) corresponds to electron 1 
having spin up and electron 2 having spin down. 
For an anti-symmetric spatial wave function, there are three possible symmetric spin 
functions 
/ 1 1\ 
(2.12) 
/ 1 1'\ 
= 
1  	
+ (—!,+')]  = IN,-1)  
In fluorescent systems, the transition is spin allowed between a singlet upper state and 
the ground state. The excited electron is paired, by opposite spin, to the ground state 
electron and can make the transition without violating the requirement of a totally 
asymmetric wave function [47]. 
2.2.5 Franck-Condon Principle 
As the nuclear and electronic motions in a molecule can be separated, an electronic 
transition can be treated as instantaneous with respect to molecular vibrations [50, 
51, 52, 53]. This leads to the inter-nuclear separations being constant with transitions 
considered to be 'vertical'. 
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Figure 2.3: The Franck-Condon Principle is illustrated in this schematic for a diatomic 
molecule. R gives the inter-nuclear separation The electronic levels, S0 and S1, are 
shown by the solid black lines, with vibrational states illustrated by the grey lines. The 
coloured arrows indicate transitions between the rotational states, in particular those 
with solid lines. 
This concept is illustrated in Fig. 2.3 for a simple two-nucleus molecule. As the 
inter-nuclei separation must be constant, transitions between energy levels must occur 
vertically (or, more rigourously, vertical transitions are most intense). Furthermore, 
using the analogy of a simple linear harmonic oscillator the most intense lines will 
occur from the classically most stable positions: The base of the well of the vibrational 
ground state and the spatial extremes of the vibrational excited states. The most 
intense excitation and emission lines are illustrated here by the blue and red arrows, 
respectively. The vibrational states these transitions occur between are illustrated by 
the solid lines. 
This qualitative description can be validated with a more rigourous formalism [53]. 
By the Born-Oppenheimer approximation, the wave function of a molecular quantum 
state can be decoupled into electronic spatial/spin 0, vibrational 0, and rotational 0, 
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states 
	
IF = 0.1 (R,qi,q, ...,qN) R 1 bV (R - 	 (2.13) 
where .ñ is the inter-nuclear position vector running from one nucleus to the other, 
is the space/spin coordinate of electron i, To is the relaxed inter-nuclear separation and 
() encompasses the angular components of the molecular wave function. As we are 
neglecting small spin contributions, the T, will be writen as spatial coordinates 1. 
The transition amplitude from W to V, a different electronic and vibrational state, in 
the dipole approximation is then (/ij'I') where: 
(2.14) 
nuclei 	electrons 
Writing out the transition amplitude: 
(i=1 
2 	 N 
(W'IW) = e f dflfd 	,b,R 2 zp - ) 	 (2.15) 
Given that the electronic wave functions are an orthonormal set, the nuclear term 
vanishes when (2.15) is expanded [53]: 
= eft evrd 	 (2.16) 
with i%e representing the electronic part of the transition dipole operator: 
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Ae = _ef0
.  
d/ s. 	 (2.17) 
Under the ultimate assumption that the nuclei separation is fixed on the time scale of 
the transition, Ae  is independent of R and the transition matrix becomes proportional 
to the Franck-Condon factor, the overlap integral of the final and initial vibrational 
states: 
= j ov.,  0" - 	 (2.18) 
We see that the Franck-Condon principle predicts that the most intense transitions 
will be between vibrational states, in different electronic levels, whose vibrational wave 
functions overlap most significantly. This formal definition is analogous to the previous 
definition that vertical transitions are most intense. 
2.3 Excited State Decay 
2.3.1 Formulation 
The excited fluorophore has a number of decay channels available, including radiative 
emission of a photon. Other, non radiative processes will also be available as relaxation 
paths. The fluorescence quantum yield, Q, which gives the fraction of photons emitted 




where kr  is the radiative decay rate and knr  encompasses all non-radiative routes. 
A number of non-radiative processes are possible as decay channels. Intersystem 
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crossing has already been discussed; another important decay channel occurs through 
collisional quenching. This occurs when the excited fluorophore collides with a quencher 
species which can accept the fluorophore energy. This effect is greater for fluorophores 
exposed to the supporting solution and as such is less significant for those, for example, 
within proteins. 
In turn, we can define the excited state lifetime, a measure of how long the fluorophores 
remain in their excited state, r, by: 
1 
= kr + knr 
	 (2.20) 
These rate constants can be used to describe the time dependence of the number of 
excited molecules, n(t): 
dn(t) - 
dt - 
[kr+knr ]n(t). 	 (2.21) 
Using initial conditions of n(0) = no, we can obtain: 
n(t) = no exp [(kr + knr)t] 	 (2.22) 
= noexp [-i]. 
	
(2.23) 
Although it is not possible to measure n(t) directly, it is proportional to 1(t), the 
fluorescence intensity, which can be measured giving: 
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I(t)=Ioexp— . (2.24) 
r I—t ] 
A single exponential decay form such as this is characteristic of a free fluorophore in 
solution. For more complex cases, the fluorophore will display a multiple exponential 
decay: 
1(t) = Io>aexp(-- - 	 (2.25) \ 'rjJ 
i 
where the factors ai are typically normalised to unity by Ej  ai = 1. When only one 
type of fluorophore is being measured, the different Ti are considered to be characteristic 
of each accessible fluorophore environment, each with characteristic non-radiative decay 
processes. As the fluorophore can generally be assumed to have the same radiative decay 
rate in each environment, cj represent the fraction of the molecules in each environment 
at t = 0, corresponding to the ground state equilibrium [47], by comparison of (2.23) 
and (2.25). 
By using this property, it is possible to monitor the interactions a fluorescent probe has 
with its environment. This makes fluorescence a powerful tool in studying the structure 
of molecules. 
These expressions can be linked to steady state measurements by noting that the steady 
state emission is equivalent to the area under the decay. This can therefore be written 
as 
183 Cx f 	a, exp (--
t 
Ti ) 
dt 	 (2.26) 
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(2.27) 
where 0 has been taken to be the instant of excitation. The fractional contribution 
of the ith lifetime to the steady state spectrum at the wavelength of observation is 
therefore: 
arj 
A = 	. 	 (2.28) 
This allows the definition of a representative average lifetime: 
=2fii 	 (2.29) 
A second quantity, (7-), has been defined in the literature [47, 44], which is written as: 
(7) = 	cr 	 (2.30) 
which is equivalent to (2.27). Although it is misleading to call (r) an average lifetime, 
this quantity is useful, in particular in determining the efficiency of energy transfer 
[47, 44], as it is proportional to the steady state intensity. Clearly, this quantity is a 
relative quantum yield, normalised such that E ai = 1. To avoid confusion in this 
thesis, this quantity will henceforth be denoted rej: 
rei = 	 (2.31) 
2.3. Excited State Decay 
2.3.2 FRET 
An important example of a non-radiative relaxation mechanism is fluorescence reso-
nance energy transfer (FRET). Much of the work of this thesis uses FRET to investigate 
nanoswitch structure. FRET is widely used in biophysical applications and is a useful 
probe of the structure of biomolecules as it is highly sensitive on length scales of 10 - 
100 A [47]. This technique has been used extensively in the study of DNA junctions 
since 1989 [17]. 
In this section, the mechanisms, properties and complications of fluorescence resonance 
energy transfer are considered. FRET is the radiationless transfer of energy between 
a donor fluorophore and an acceptor fluorophore. The physical interaction behind 
the transfer is a coupling between the emission dipole moment of the donor and the 
excitation dipole moment of the acceptor. 
Generally, the donor is excited optically to an excited state. FRET to the acceptor 
results in the de-excitation of the donor and the excitation of the acceptor to a resonant 
excited state. If the acceptor is also fluorescent it will then exhibit fluorescence emission. 
The properties of FRET are determined by a number of physical variables which are 
covered in this section. In particular, the rate of energy transfer is dependent on: 
The separation of the donor and acceptor, 
the spectral overlap between the donor emission and acceptor absorption spectra, 
the orientation of the donor and acceptor transition dipole moments. 
Separation Distance 
The most useful property of fluorescence resonance energy transfer is its sensitive 
dependence on fluorophore separation. The distance dependence of the energy transfer 
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The factor Rcj is the Förster radius, and is defined as the separation distance, r, at 
which the transfer rate is half its maximal value. TD is the characteristic decay time of 
the donor in the absence of an acceptor. 
The energy transfer efficiency is defined as the fraction of energy absorbed by the donor 
which is transferred to the acceptor. This can be written as the ratio of the energy 





= ( + 	
(2.34) 
kFRET(r)  




This is the most convenient expression of the distance dependence, which emphasises 
the sensitive sixth power dependence of FRET on r. 
The function is plotted in Fig. 2.4, with an RO of 50 A. The steep change in EFRET 
between ' 20 - 100 A illustrates the sensitivity of FRET on r. As the change in EFRET 
is less steep out with this range, the sensitivity is reduced at particularly short or long 
r. As such, as a general rule the useful measurement range is 	- 21?. 
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Figure 2.4: A curve of FRET efficiency for an R0 of 50 A. The dashed lines indicate 
the useful range, betweenR0 - 2R0 , in which the gradient of EFRET  with r is the 
steepest. 
Spectral Overlap 
The rate of energy transfer is proportional to the overlap integral, defined as [47]: 
J(A) = f_:FDA€AAA4dA 	 (2.36) 
where EA (A) is the extinction coefficient of the acceptor at wavelength A and FD (A) is 
the donor emission between A and dA, normalised such that f FD(A) = 1. 
Physically, J(A) represents the overlap between the donor emission and acceptor 
absorption spectra, as shown schematically in Fig. 2.5. 
In addition, J(A) ensures that there are resonant energy levels available between the 
donor and acceptor. 
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Donor Emission 
Wavelength 
Figurere 2.5: Physical representation of the overlap integral, J(A). 
Orientation Factor 
As FRET is an interaction between the transition dipole moments of the two 
fluorophores, there is a contribution to the FRET transfer rate due to their relative 
orientation. This is described by the factor 	which is defined as: 
= (sin OD sin  9A cos 0 - 2 cos OD C05 9A)2 	 (2.37) 
where 0D  and OA are the angles between the donor/acceptor transition dipole moments 
and the vector connecting the two fluorophores and 0 is the angle between the planes 
of the two dipoles. This is illustrated in Fig. 2.6. 
kFRET is proportional to ic2. The value of ,2  can vary between 0 and 4, with 
perpendicular alignment giving 0 and parallel alignment giving 4. Random orientation 
of fluorophores, on the time scale of the donor lifetime, gives a value of 2/3 and in most 
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Plane of donor 
transition dipole 
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transition dipole / 
Acceptor transition dipole 
Figure 2.6: Schematic representation of the variables in (2.37), showing the orientation 
of the donor (blue) and acceptor (red) transition dipole monents. Adapted from [47]. 
cases this value is assumed, although upper and lower limits on the value of 0 can be 
extrapolated from the donor and acceptor anisotropy decays [54, 55]. 
Although this problem requires consideration, the errors induced are generally small. 
The largest error comes from a ic2  of 0, which will result in large errors in any distance 
calculation. A it 2  of 4 results in a maximum error of 35 % [47]. Thus, the orientation 
dependence is considerably less sensitive than that of fluorophore separation distance. 
Final Expressions 
Putting this together, the final expression for the transfer rate is: 
90001n10 QD1c2J() 	 (2.38) kFRET = 128 5 NAfl4 rDr°  
In addition to the factors discussed above, the linear dependence on the donor quantum 
yield, QD,  and the refractive index of the transfer medium, n, should be noted. 
By combining (2.32) with (2.38) we can obtain an expression for R0 : 
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R6 = 
9000 in 1O/c2QDJA. 
0 	1287r5NAn4 	) 	
(2.39) 
As can be seen from this expression, varying the overlap integral results in relatively 
small changes in R0. However, it can also be seen that a larger spectral overlap leads 
to a larger R0 . R0  can be calculated from this expression, usually assuming an n of 1.4 
and a Ic2 of 2/3. 
Quantum  Formalism 
These physical features can be reproduced by starting with Fermi's golden rule. 
The following is adapted from [56], but the main argument is reproduced here for 
completeness. In general form, the golden rule states that the transition probability 
per unit time from an initial state of a given system, (i, to a final state (or group 
of states), Yll under the influence of a first order perturbation ft' is given by the 
expression: 
27r' 	I 
Pj f = 	 (2.40) 
cx kf 	 (2.41) 
where p is the density of the final states. 
Consider the case where the transition is between an initial state with the donor excited 
and the acceptor in the ground state, 'PD-A, and the donor in the ground state with 
the acceptor now excited, WDA*. (2.40) now becomes: 
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kFRET OC 
2ir
(D*A H'IWDA*)6(ED*A - EDA*). 	 (2.42) 
Under the Born-Oppenheimer approximation, the electronic, &e and nuclear, N 
wavefunctions can be separated to allow: 
27r I ON
kFRET 	(DA Hh I'b A*) j26(ED*A - EDA*) 	 (2.43) 
where H' = (A 
Using the integral representation of the delta function, representing the density of final 
states, produces: 
kFRET DC i_: l(E2 	D* A HIO 'A*)2exp [ (ED.A - EDA)] dt. 	
(2.44) 
H' can be approximated by the coulomb operator for electronic interaction between 
donor and acceptor. Using the multipole expansion, and retaining only the first two 
dominating terms: 
H' = 	IIkLJDA*) 	 (2.45) 
(OD7 *A 	 OD' A* (2.46) 
—RD*D RAA* - 	(. 
RD*D)  (. 
RAA*) 	(2.47) 
where RD*D and RAA*  are the donor and acceptor transition dipole moments, 
respectively. 
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This can be substituted back into (2.44), and the next step requires the dot products to 
be evaluated in three dimensions. It can be shown that, using the orientational factor 
i, from (2.37), that this leads to: 
:2 
	
kFRET x - f FA(t)FD(t)dt 	 (2.48) 
where: 
N(A) 2 	(A) 	\ 
FA (t) 
= 	
RAA*kbDA* ) exp (ztwD*A,DA*) 	 (2.49) 
for the acceptor and 
/N(D)I -. 	N(D)\ 2 	(D) 
FD (t) = 
	D*A RDDDA* ) 
/ 
exp ztwD*ADA*) 	 (2.50) 
(D) 	/ (D)(D)\ for the donor. Here, WDADA. = IED*A - E( DA. /h, the difference in donor energy 
before and after energy transfer, and analogously for acceptor. 	is the acceptor 
nuclear wavefunction with the donor excited and the acceptor in the ground state, and 
analogously for the donor. 
Using that the acceptor molar extinction coefficient is given by [57, 58, 59]: 
/ N(A) I -. 	N(A)\ E(W) w \D*A RAA* 	
) D * 2 ((A) 	
- 	
(2.51) 
which, again using the integral representation of the delta function, gives: 
€(w) 	
oo 
w 	exp(—itw) I /thN(A) I 
	N(A)\ 2 
oo 	
D*A RAA*DA* ) exp(ztw AA ) dt 
36 




exP(_ztw)FA(t)dt 	 (2.52) 
= FA(t)ofexP(iwt)--dw 	 (2.53) 
where the final step uses an inverse Fourier transform. Putting this back into (2.48) 
gives: 
00 
kFRET (X ;: ffexP(ztw)----FD(t)dtdw 	 (2.54) 
Performing the t integration, allowing the transformation back to the delta function: 
2J00 	
I! .N(D) I -. 	N(D)\ 2 
kFRET r6 
w=-00 
 w \D*A RD*DIDA* , S(ED*A,DA* - hw)& 	(2.55) 
where ED*A,DA* is the energy difference of the transition. 
Noting that the normalised intensity emission function of an electronic transition a -* b 
is given by [58]: 
lab (W) K 	RabIb)6(Ea,b 
- hw) 	 (2.56) 




-.e(w)I(w)dw 	 (2.57) 
which reproduces the overlap integral, the r 6 distance dependence and angular 
considerations. 
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Measuring FRET 
Using steady state measurements it is possible to write EFRET, by definition, as: 
EFRET =l
— FDA
--- 	 (2.58) 
FD 
where FD is the donor fluorescence intensity and FDA is the donor fluorescence intensity 
in the presence of an acceptor. For distance measurements, this expression is applicable 
for isolated donor - acceptor pairs at fixed separation. Isolated, in this case, can be 
defined such that distinct pairs are separated by a distance much greater than R0. In 
this case, the separation distance can be obtained from (2.35). 
(2.58) can be written in terms of re1, defined in (2.31). As re1 is proportional to 
intenisity 
DA 
EFRET - 1 - _zL 
	
- 	D 	 (2.59) 
re1 
As a result, measurement of 	is a useful measure of FRET efficiency. rel 
Furthermore, the time resolved fluorescence decay is modified from (2.61) to become: 
(RO)6~] 




In the case where the donor - acceptor separation is not fixed, (2.60) can be modified 
to include a distribution of separation distances: 
1(t) = 
f n ax 
 exp F( 	{ + 
(RO)6}] 
P(r)dr 	(2.61) 
min 	[ \ r) 	r  
2.3. Excited State Decay 
where P(r) defines a distribution of fluorophore separations. These expressions are 
discussed further where applicable throughout this thesis. 
Together, these properties make FRET a useful and powerful tool to probe the structure 
of biomolecules. By judicious location of fluorophores, appropriate length scales can 
be determined. This allows determination of biomolecular structure on length scales 
below those accessible by imaging systems. 
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2.4 Time Correlated Single Photon Counting 
Time-resolved fluorescence emission can be investigated using either time or frequency 
domain techniques. In this thesis, all time resolved fluorescence measurements are 
performed using time correlated single photon counting (TCSPC). In this section, the 
main principles and measurement techniques are outlined. 
The content here is geared towards the instrumentation used in this laboratory, 
although the general principles are applicable to similar systems in use elsewhere. 
2.4.1 The Principle of Time Correlated Single Photon Counting 
The aim of TCSPC is to experimentally measure the fluorescence emission decay of a 
fluorophore. As the decay times used in this thesis range from a maximum of a few ns 
down to tens of ps, this is not a trivial task. 
The methodology is relatively simple. When the sample is excited by a pulsed source, 
the detector measures the first photon to arrive after emission. The time between the 
excitation pulse and the emission is measured, and a histogram of delay times is built 
up, as shown in Fig. 2.7. By allowing the width of the histogram bins, At, to become 
small (typically a few ps), the histogram will approach the true decay. 
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Figure 2.7: TCSPC times the arrival of the first emitted photon and builds up a 
histogram. If At is small enough, this approaches the true decay. 
Note that only the first photon is counted; as the electronics are not fast enough to 
record all photons, this is a necessary measure. However, it is important to take steps 
to ensure that this does not bias the data as a result of counting only photons from 
the start of the decay curve. This is achieved by ensuring that the number of photons 
detected is well below the number of excitation photons, typically by reducing the 
excitation intensity, normally to a level where a photon is measured from about one in 
several hundred excitation pulses, which ensures that each photon is an independent 
measurement and the true decay is represented. 
2.4.2 Apparatus 
The experimental setup used in this work is shown in Fig. 2.8. The sample is housed in 
the spectrometer, and is excited by a pulsed source (in this case, an optically pumped 
Ti:Sapphire laser system). The setup is computer-controlled with computerised data 
analysis. In the following subsections, the role and operation of each these components 
is discussed. 
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Figure 2.8: The experimental setup used in the work of this thesis is shown here. The 
set up is applicable to TCSPC measurements in general, with the components used in 
this work marked. 
Laser Excitation System 
Titanium Sapphire laser system The solid state titanium sapphire laser is a 
tuneable, inhomogeneously broadened system with a wide gain curve ( 100 THz). 
The material is sapphire, A1203, doped with titanium oxide, Ti203. The Ti3 replace 
some A13+  to form the lasing material. 
As with all transition metal based lasers, Ti3 has an argon core with partially filled 
3d and 4s shells. Each Ti3 is surrounded by six 2+  which split the 3d states; this is 
the origin of the inhomogeneous broadening, typical of transition metal lasers, which 
results in the wide gain curve. 
The laser action occurs between the split 3d states; specifically, with a 2T2 triplet lower 
level and a 2E, as illustrated in Fig. 2.9. However, the energy difference is dependent 
upon TiS+ 02+ distance, with the upper and lower levels containing a wide spread 
of vibrational energy levels. This allows excitation to a broad excited state, rapidly 
populating the upper level, and rapid vibrational relaxation of the lower level to the 
ground state, causing a large population inversion in effectively a four level system [60]. 
This creates a highly efficient laser system. 
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Figure 2.9: The Ti:sapphire crystal forms an effective four-level system: Absorption 
to the upper level occurs through much of the visible spectrum, before relaxation and 
emission. The lower laser level then relaxes to the ground state, giving an efficient 
laser system. 
The schematic CW system is shown in Fig. 2.10. The laser wavelength is selected using 
a diffraction grating. The Ti:sapphire crystal is optically pumped at 532 nm, which is 
very close to the peak of the absorption at 500 nm. The dispersion (refractive index as 
a function of wavelength) in the crystal is corrected with a set of adjustable prisms. 
The system is completed as a high repetition rate pulsed laser by passive mode locking. 
This is achieved by exploiting the Kerr lens effect of the crystal. The Ti:sapphire crystal 
has an intensity dependent component to the refractive index: 
ri = no + nI. 	 (2.62) 
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Mirrors 
Slit 
Figure 2.10: A schmatic of the Ti:sapphire laser system. 
The effect is that the Gaussian beam profile is progressively narrowed inside the crystal. 
As a result, by inserting an adjustable slit to the cavity, a single mode can be allowed 
to pass and oscillate. 
The result is a tuneable, mode locked system which can be frequency adjusted externally 
to produce most desirable wavelengths. 
Pulsed Diode Laser System In some cases, a pulsed diode laser system was used 
for ease of use. A Picoquant diode laser (LDH-P-470) driven by a pulsed diode laser 
driver (PDL 800-B) provided a measured peak emission of 368 nm, which was within 
the excitation range of carboxyfluorescein (the donor fluorophore used throughout this 
work) and as such useful for some work in this thesis. 
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Pulse Picker 
The pulse picker uses an acousto-optic Bragg cell to reduce the natural repetition rate 
of the laser cavity (76 MHz) to 4.75 MHz. This is necessary as the TCSPC electronics 
are not fast enough to deal with the natural repetition rate. 
The principle of operation is described in Fig. 2.11. The piezoelectric cell vibrates the 
crystal, in this case Te02, setting up sound waves. These vary the refractive index of 
the crystal planes, causing a diffraction effect analogous to Bragg diffraction [61]. By 
varying the frequency and amplitude of the sound waves, the Bragg crystal can be used 




Figure 2.11: Schematic of pulse picker. Variable diffraction can be used to diffract 
unwanted pulses out of beam path. 
2nd/3rd Harmonic Generation 
The fundamental output of the Ti:sapphire needs to be frequency doubled, or tripled, 
to be useful for excitation of the fluorophores used in this thesis. This is achieved by 
use of a second and third harmonic generation system. 
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This uses a birefringent crystal to frequency double the fundamental laser output. This, 
in turn, can be mixed with the fundamental for a second time, in a second crystal, to 
frequency triple to ultraviolet wavelengths. For efficient generation, it is necessary 
to ensure that these pulse trains are accurately overlapped in space and time in the 
birefringent crystal. 
Spectrometer 
The spectrometer contains the sample of interest. This is housed in a duvette, and the 
excitation beam is directed into a beam stop to minimise stray reflections. 
The excitation beam is polarised, and a Soleil-Babinet compensator can be used to 
adjust the polarisation of the beam. The principle of operation of this device is shown 
in Fig. 2.12. The beam is incident on a pair of birefringent wedges. The top wedge 
is movable which allows the path length, and as such the phase retardation between 
the fast and slow axes, to be varied. Beneath this is a block of birefringent material 
with optic axis at right angles to the wedges. By varying the path length through the 
wedges, the polarisation of the resultant beam can be adjusted as necessary'. 
Emission is observed at 900  to the excitation beam. This light is passed through a 
polariser, which is set at the magic angle, 54•70  [47] to remove anisotropy effects2 . 
An iris is used to further reduce any stray light, and the resulting beam is passed 
through a monochromator. 
'This set up allows the spectrometer to also be used for polarisation anisotropy measurements. 
2For anisotropy measurements, this polariser is set at 00  or 900  to the excitation. 
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Figure 2.12: The schematic operation of the Soleil-Babinet compensator. 
Microchannel Plate 
An microchannel plate (MCP) photomultiplier tube (PMT) was used for detection of 
the emission. An MCP is preferable to a conventional PMT as the difference in transit 
time is much reduced. This results in a much narrower instrument response, which is 
discussed in Chapter 2.4.3. A conventional PMT involves an electron being emitted 
from a photoelectric material before a series of dynodes amplify the initial electrode to 
produce a pulse of electric current. As a result, there is wide range of routes through 
the tube and the resulting current pulse is wide. 
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Figure 2.13: The schematic operation of the MCP PMT. An electron is released by a 
photoelectric reaction in the photoactive material lining the MCP channel. This electron 
is amplified by a potential applied across the plate until a pulse of current is produced 
on leaving the MCP. The channels are slightly angled to the normal, causing incident 
photons to strike the photoactive material on the inside wall. 
In a MCP PMT a series of small (micro) channels are used to amplify the initial 
electron, as shown in Fig. 2.13. The initial electron(s) are now amplified through the 
narrow channels, which are lined with a photo-active material. As a result, a pulse 
of current is produced, but the range of transit times through the MCP are greatly 
reduced with respect to the PMT. 
In addition to the favourable temporal instrument response width with the MCP, the 
transit time (typically of order 10 10 seconds) is less dependent on the wavelength of 
the incident photons. As a result, there is less of a time shift between the peak of the 
instrument response and the measured decay curve. 
2.4. Time Correlated Single Photon Counting 
Constant Fraction Discriminator 
The constant fraction discriminator (CFD) is used to refine the photelectric pulses from 
the MCP and photodiode. Variations in the width and height of the pulses can lead 
to errors in the timing of the pulses when a simple leading edge algorithm is used. 
Although these errors are small, they can have a significant effect on the width of the 
instrument response. 
This situation is improved using the CFD. The principle of operation is described 
in Fig. 2.14. The incoming pulse is split, with one portion being delayed by about 
half a pulse width and the other portion being inverted. When recombined, the zero 







Inverted pulse Measure from t intercept 
Figure 2.14: In the CFD, the incoming pulse is split into two portions, one of which is 
inverted and the other delayed by about half a wavelength. When recombined, the zero 
amplitude point gives a reliable timing reference. 
Time to Amplitude Converter 
Timing of the delay between the excitation and emission photons is achieved using 
the time-to-amplitude converter (TAC). On the arrival of the start pulse a capacitor 
is steadily charged. When the stop pulse is received the charging is stopped and the 
voltage is passed to the ADC, which interpolates the voltage to an absolute time. 
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The reset (or dead) time of the capacitor is a significant limiting factor in the 
measurement time. This can be improved by operating the TAC in reverse, by timing 
the arrival of the emission and using the laser pulse as a stop pulse. As as the emission 
photons are farther separated in TCSPC the dead time becomes much less significant. 
2.4.3 Data Analysis 
The data obtained from a TCSPC experiment is of the form: 
1(t) = K(t) ® i(t) 	 (2.63) 
where 1(t) is the measured decay, K(t) is the true decay, i(t) is the instrument response 
function and ® is the convolution operator. In an ideal experiment i(t) would be a delta 
function at the point of excitation and therefore 1(t) = K(t). In reality, i(t) has finite 
width and contains other small artefacts, although the i(t) obtained with a MCP and 
Ti:Sapphire laser system is quite narrow ( 60 ps at FWHM); a typical form is included 
in Fig. 2.15. The instrument response is measured by scattering the incident laser light 
through a colloidal solution, such as diluted milk, and measuring the resulting detector 
pulse. 
The reason that (2.63) is a convolution is because the excitation can be thought of as 
a series of delta functions, of finite height, across the i(t) profile. Mathematically, this 
can be expressed as: 
1(t) =E K(t')i(t - t')t'. 	 (2.64) 
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Figure 2.15: A typical instrument response with this set up. 
By letting t' - 0 in (2.64) we obtain the convolution integral: 
1(t) 
= 	
K(t')i(t - t')dt' 	 (2.65) 
1=0 
which is equivalent to (2.63). 
1(t) is therefore fitted to the measured data. This is most commonly achieved using a 
non-linear least squares (NLLS) algorithm, although other algorithms are also used. 
This algorithm fits the data by minimising x2: 
(ti) - I(t))2 
x2 = 	(I I(t) 
j=1 
(2.66) 
which gives a measure of how well the data, I(tj), is described by the model, I(t), and 
n is the number of data points. 
As this value increases with the number of data points in the measurement, it is useful 
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to define the reduced x2 	as: 
2 
XR - 
X2  (2.67) 
degrees of freedom 
X2  (2.68) 
n - fitting parameters 
x -* 1 if only random errors contribute to the data set, so theoretically a perfect fit 
to data with evenly distributed random noise would give x2 = 1. 
x should be used to asses the goodness of fit to a particular model alongside visual 
inspection of the residuals. These should show data points randomly distributed about 
0, with no obvious systematic variation, for an acceptable fit. 
In most cases, it is desirable to fit a model with increasing numbers of exponential 
decays: 
k t 
K(t) = ajexp-- 	 (2.69) 
i=O 
If increasing k does not significantly improve the fit quality, as assessed by visual 
assessment of the residuals and the value of x2  the correct model is assumed. In the 
case of FRET models based on the distribution of fluorophore separation distances are 
often more useful and these are discussed later in this thesis. 
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Characterisation and Design of DNA 
Nanoswitches 
3.1 Probing Molecular Structure Below the Diffraction 
Limit 
The design of a functional DNA nanoswitch requires the consideration of a number 
of factors. This chapter details the characterisation of the properties of generic DNA 
junctions with the aim of identifying the crucial issues for future design. In particular, 
the use of FRET as a monitor of nanoswitch conformation, an appropriate framework 
for the characterisation of nanoswitches in a range of solution conditions and the 
stability of nanoswitches are covered. 
The design criteria here were governed by the need for the nanoswitches to be used as 
functional sensors. Firstly, the conformation of the nanoswitch needed to be easily 
determined; throughout this thesis fluorescence techniques were used, and in this 
initial characterisation, and in most subsequent chapters, FRET was used to determine 
nanoswitch structure. The use of FRET was considered ideal at this stage as it 
allows readout of the nanoswitch structure whilst the sensitive distance dependence is 
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useful for further studies into subtle variations in junction structure. This property in 
particular made FRET preferable to other fluorescence techniques, like static quenchers, 
in this work. 
It was also necessary, at this stage, to determine a suitable characterisation scheme 
to assess the switching characteristics of DNA junctions with a view to their use as 
nanoswitches, allowing the important range of cation concentration required to induce 
conformational changes to be determined. In addition, the steepness of the transition 
was an important property, as it is also crucial in predicting junction conformation 
from solution conditions. 
Finally, it was important that the nanoswitch molecule be structurally stable in all 
suitable solution conditions to be considered a nanodevice. This was assayed using a 
combination of fluorescence and gel electrophoresis experiments. 
To begin, a two-state characterisation system for DNA junctions, using steady-state 
spectroscopy, was defined. At this stage, the J1 junction was used [21]. This sequence 
has been shown to form a switchable DNA junction [10], which predominantly adopts 
one stacking conformer [23], providing an ideal basis on which to build in this thesis. 
The performance of this junction as a switch, with a range of switching cations, was 
assayed. 
These results were then used to investigate the use of time-resolved fluorescence 
spectroscopy for determining junction structure. Qualitative [62] and detailed [44, 
23] structural studies have shown the general applicability time-resolved FRET 
measurements. Time-resolved fluorescence has particular advantages over steady-state 
spectroscopy in the context of designing a junction for a nanotechnology application. 
As fluorescence lifetime is a property of the fluorophore, it is largely independent of 
local sample concentration, output intensity, inhomogeneity in the excitation source and 
output wavelength [63]. In addition, the use of fluorescence lifetime imaging microscopy 
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(FLIM) could allow high-throughput analysis of spatial heterogeneity of nanoswitch 
conformation. 
Here, donor fluorescence lifetime data measured in two different solution conditions, 
which were indicated by steady-state spectra to correspond to the open and closed 
Holliday Junction (HJ) conformations, were measured with the aim of showing that 
significant donor lifetime changes result from increased FRET efficiency through a 
conformational change. 
The structural stability of the Ji design under appropriate solution conditions was 
then investigated, as the stability of the Ji junction has been questioned in solutions 
of particularly low cation concentration [43]. To improve stability, a molecule with the 
same core sequence but longer, fully complimentary arms was investigated. The longer 
arms result in a higher number of Hydrogen bonds, a higher melting temperature and, 
hence, increased stability [43]. In this thesis, the Ji structure will henceforth be referred 
to as SHJ (Short HJ) and the extended Ji as LHJ (Long HJ). 
A combination of steady-state spectroscopy and gel electrophoresis was used to 
investigate stability. LHJ was characterised as before, again using a two-state binding 
model. ge1FRET, a combined fluorescence and electrophoresis technique, was used to 
investigate combined stability and switching of a stable molecule. 
To conclude the initial investigation, the applicability of using a fluorescence lifetime 
plate reader and Fluorescence Lifetime Imaging Microscopy for the high-throughput 
analysis of DNA nanoswitches was investigated. A high throughput analysis method 
would be required for any biosensor application, so it was considered helpful at this 
stage to investigate these approaches. 
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3.2 Sample Preparation 
SHJ was prepared from a mixture of the following four oligonucleotides (Eurogentec): 
FTGCAATCCTGAGCACA (5 jiM), 
TGTGCTCACCGAATCGGA (10 jiM), 
TCCGATTCGGACTATGCA (10 jiM) and 
RTGCATAGTGATTGCA (10 jiM). 
F is the donor Carboxyfluorescein (known commercially as PAM) on oligonucleotide 
1 and R is the acceptor Carboxytetramethyirhodamine (known as TAMRA) on 
oligonucleotide 4. When assembled, the final form is shown in Fig. 3.1. 
Figure 3.1: Oligonucleotides 1 to 4  arrange as shown here to form SHJ. LHJ is analogous 
with longer arms. 
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LHJ, which has 4 base pair extensions to each arm due to the addition of complementary 
bases (shown in italics) to the ends of the SHJ arms, was prepared from (Eurogentec): 
GGCAFTGCAATCCTGAGCACATAGA (5 MM), 
TCTATGTGCTCACCGAATCGGACCAG (10 tiM), 
CTGGTCCGATTCGGACTATGCAGCAA (10 /2M) and 
TTGCRTGCATAGTGATTGCATGCC (10 saM). 
In this case, the dyes were attached to the duplex at their original position in an attempt 
to maximise the scope for comparison with SHJ. Each was assembled in a solution of 
20 mM is/isHCl (pH 7.5) buffer solution containing NaCl (50 mM) and MgCl2 
(5 mM), by heating to 80 °C for 30 minutes and then allowing the solution to cool 
slowly in a water bath to room temperature, which favours the thermodynamically 
most stable product. A ratio of 1 : 2 : 2 : 2 of oligonucleotide 1: 2 : 3 : 4 was chosen 
to ensure full incorporation of donor strand into the fully assembled 4-way junctions. 
The final step in the sample preparation was to buffer exchange twice (Microspin G25 
ion exchange columns (Amersham Biosciences)), to remove the Mg2+  ions and produce 
HJ solutions (concentration 1 jiM after dilution) in 20 mM is/isHC1 buffer (pH 
7.5) as required for these studies. 
In the case of LHJ, 100 MM tetrasodium ethylenediamine(tetraacetate) (Na4EDTA) was 
then added to the solution to titrate any residual Mg 2+  ions and produce HJ exclusively 
in the open form, as confirmed by characteristic and time independent steady-state 
fluorescence measurements (for titration studies, 100 jiM was then subtracted from the 
concentration, c, of the inorganic ions which would be expected to complex strongly 
with EDTA. This was confirmed by the invariance of the steady-state emission when 
adding an initial 100 jiM of these inorganic ions). 
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3.3 Steady-state Characterisation of DNA Junction Sys-
tern 
3.3.1 Methods & Analysis 
Changes in junction conformation in solution were detected optically using steady-state 
fluorescence emission spectroscopy to monitor the efficiency of FRET between F and 
Steady-state fluorescence measurements of the probe and probe-target complexes were 
measured after excitation at 476.5 nm, and light emission was measured over the range 
of 490-700 nm using a Fluoromax spectrofluorometer (Horiba Jobin Yvon Ltd.). Donor 
peak fluorescence was measured at 518 nm and acceptor peak fluorescence at 578 nm. 
The samples (50 l) were measured in the absence and presence of Mg2+  by manual 
addition of MgC12 to the cuvette. 
To allow changes in junction conformation to be characterised, steady-state fluorescence 
emission spectra were collected for samples in differing solutions. This was achieved 
by titration of a number of different ionic solutions. For each solution studied, a 50 u1 
sample of 1 pM junction solution prepared as above was placed in the cuvette. An 
emission spectrum was then collected from this sample before a series of additions of 
small volumes of concentrated cation solution, again prepared in a overall 20 mM, pH 
7.5 is/isHCl buffer solution. Care was taken not to change the total sample 
volume by more than 10% in an attempt to keep the sample concentration roughly 
constant, with spectra corrected for small changes in overall volume. After each 
addition, the sample was mixed and allowed 2 minutes to equilibrate before an emission 
spectrum was collected. Repeated collection of steady-state spectra indicated that 2 
minutes was a sufficient time delay to allow any conformational change to complete. 
This protocol for the measurement of steady-state emission spectra applies to all future 
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chapters. Throughout this thesis, the ratio of acceptor to donor emission peak will be 
used to infer changes in FRET efficiency and, hence, junction conformation; this is will 
be referred to henceforth as FRET ratio. 
A two-state analysis was applied to this system, in accordance with previous studies 
[62], assuming the equilibrium: 
HJopen + nM ;=~ HJciosed 	 (3.1) 
where HJ en is the HJ system before titration of ionic solution, HJd03 d is the HJ 
system after titration and M is a cation of charge z. 
As such, the fluorescence spectra can be described by: 
1(A) = Iopen(/\)xopen + Iclosed(A)Xclosed 	 (3.2) 
with: 
Xopen = 1 - Xdosed 	 (3.3) 
where Iopen(A) is the emission spectrum of the HJ solution in the fully open 
conformation, 'dosed is that of the closed conformation, x0 ,- is the mole fraction of the 
HJ population in the open conformation and Xdosed is that of the closed conformation. 
By rearranging (3.2) and (3.3) it is possible to obtain expressions for Xopen and Xcjosed 
in terms of fluorescence emission intensities: 
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Xen 	
= 
I 	D) - 'closed (AD) 	
(34) 
'en (AD) - 'dosed (AD) 
Xdosed 	
= 
I (A) - I 	(AA) 	
(3.5) 
'dosed (AA) - 'en (AA) 
where these are expressed at the peak donor and acceptor emission wavelengths, AD 
and AA, in order to optimise the signal to noise ratio and hence reduce the errors in x. 
The equilibrium is controlled by the dissociation constant in terms of concentration, 
K, which can be written as: 
K 	
- 	[HJopen] C 
- [HJdosed] 
- XapenCTh 
- 	 (3.6) 
Xclosed 
where c is the concentration of titrated cation and n, which is analagous to a Hill 
coefficient and is the observed stoichiometry of ion binding in Eq. 3.1, determines the 
steepness of transition. 
If c112 is defined as the switching ion concentration at which Xefl = Xdosed = 1/2 then 




Combining (3.3) and (3.7) obtains: 
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Ctm + C7 
(3.8) and (3.9) can then be fitted to the experimental data by varying e112 and n. 
3.3.2 Results & Discussion 
Fig. 3.2 shows typical spectra obtained under titration of an ionic solution. An 
important property is the significant acceptor emission intensity relative to the donor 
emission intensity seen for the closed form. This is consistent with the branch point 
sequence design, based on J1, [21, 64], which therefore adopts the FRET signal stacking 
conformer, maximising acceptor emission output [23. Also significant is the presence 
of an isosbestic point for each of the ions at 	564 nm, where the overall intensity, 
liso , of the fluorescence emission is independent of titrated ion concentration. This is 
strong evidence for fluorescence emission arising from only two states of the assembled 
HJ molecule (one with low FRET efficiency, open, and one with high FRET efficiency, 
closed) and allows the use of (3.2). 
Notwithstanding the very different switching ion concentrations, it is clear that for each 
of these plots, and for all the inorganic ions studied, (3.3) applies at all c. This further 
supports the general applicability of the two-state model (3.2) and the invariance of 
I 	and 'dosed  with c at these wavelengths. 
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Figure 3.2: Typical steady-state fluorescence emission spectra obtained from a 1M 
sample of HJ solution with the indicated concentration of Mg2 . 
When the spectra are analysed according to the theory above, good fits to the data 
(Fig. 3.3) are obtained for ions of charges +1, +2 and +3, shown by both the quoted 
R2 and visual inspection. The parameters of these fits, and those obtained similarly 
for other cations, are included in Table 3.1. 
Mz+ 	c112 (mM) 	n 	R2 
Li 	125±2 3.5±0.2 0.99 
Na 160±3 3.0+0.2 0.98 
143±5 2.6+0.2 0.97 
Ca 2+ 	1.42±0.04 	2.9±0.2 	0.99 
Mg 2+ 1.42±0.02 3.0+0.2 0.99 
Spermidine3 0.078±0.002 2.01±0.12 0.99 
Table 3.1: Parameters obtained from fits of Eqns. 3.8 & 3.9 to experimetally determined 
values of xopen and Xdosed, with associated errors, for SHJ. Values quoted for R2 are 
those returned by the fitting algorithm. 
62 











le-05 	0.0001 	0.001 	0.01 	0.1 
Ion Concentration (M) 
Figure 3.3: Mole fractions of the open and closed conformers obtained from steady-
state spectroscopic data, indicated by o and • respectively. The solid lines indicate fits 
obtained by varying c112 and n. Data is shown for DNA junctions with Nat, Mg 2+ and 
Spermidine3 as the titrated ion. 
3.4 Time-resolved FRET of Open and Closed Junction 
Conformations 
3.4.1 Methods & Analysis 
Samples were prepared as in Section 3.2, with the open junction conformation 
corresponding to that with no added M902. A MgC12 concentration of 10 mM was 
used for the closed conformation, which was shown in the results of the previous section 
to be sufficiently high for full adoption of the closed, stacked conformation. In addition, 
a decay was collected for SHJ oligonucleotide 1 to give a measure of the donor-only 
decay. 
Time-resolved fluorescenece emission data for HJ in the open and closed conformations 
were collected with the emission monochromator set to 518 nm, corresponding to the 
peak emission of the donor fluorophore. All data were obtained using TCSPC, as 
detailed in Section 2.4. The laser diode was used for donor excitation with a repetition 
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rate of 10 MHz. For each measurement an appropriate instrument response function 
was recorded using a colloidal scattering sample with the emission monochromator set 
to the excitation laser wavelength. All data were collected to a peak of 10,000 counts. 
The data collected obey the generic decay function (2.63), and the decays were fitted via 
(2.69), the multiple exponential model, with k = 3 and reconvoluting the instrument 
response. This equation is not strictly applicable to FRET systems, which should be 
fitted by expressions of the form (2.60). However, if these decays are successfully 
described by a multi-exponential decay, the resulting parameters can be used for 
characterisation of SHJ. Detailed consideration of FRET decays is covered in Chapter 5. 
These results should allow the FRET efficiency to be calculated, which the results of 
the previous section suggest should be around 50 %. 
3.4.2 Results & Discussion 
Fig. 3.4 shows time-resolved donor fluorescence decays and fits obtained for HJ samples 
in the open and closed conformations. The shapes of these data suggest that, in the 
open conformation, the donor decay is close to a single exponential. However, the 
decay from a closed HJ sample suggests significant contributions from shorter lifetimes, 
due to molecules changing conformation such that donors and acceptors come into 
close proximity. The fitting parameters, in Table 3.2, show that a three exponential 
model will mathematically describe the decays, and 45,1 is reduced to 46 % of it's 
value in the open conformation on closing (an increase in EFRET  of 50 %), which 
is consistent with the steady-state results in Fig. 3.2. This change is clearly large 
enough to allow time-resolved donor fluorescence measurements to be useful indicators 
of junction conformation. 
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Figure 3.4: Time-resolved fluorescence data for open and closed SHJ samples. The open 
sample has a clearly longer average lifetime than the closed. 
al 	ri (us) a2 T2 (ns) a3 73 (ns) 4, 1 EFRET 	X2  
Donor Only 0.67 4.7 0.23 2.8 0.10 0.3 3.8 - 1.032 
Open 0.58 4.5 0.31 3.0 0.11 0.4 3.6 0.05 	1.019 
Closed 0.28 4.0 0.33 1.3 0.40 0.3 1.7 0.55 1.003 
Table 3.2: Parameters obtained from reconvolution fits to time-resolved fluorescence 
emission data obtained from 'open' and 'closed' HJ samples. A decay from a SHJ 
containing only the donor is also included. EFRET is calculated from (2.59): EFRET = 
DA 
4t ret 
This multiple exponential form is typical of previous results involving DNA junctions. 
The donor only decay indicates that the donor exists in three distinct environments. 
It has been observed previously [62, 44] that the best fit to the fluorescence decay of 
the donor-only junction was obtained with multiple fluorescence lifetimes. As in this 
work, the major and longest lifetime was similar to the lifetime of free donor under the 
same conditions, and can therefore be attributed to dye in a solvent-rich environment. 
The two minor lifetimes were shorter, which indicates quenching in a small population 
of the donors due to dye - DNA and dye-linker interactions facilitated by free rotation 
about the flexible linker. 
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3.5 Nanoswitch Stability 
3.5.1 Methods & Analysis 
Gel Electrophoresis 
Gel electrophoresis was used to investigate structural stability and/or switching. The 
principle is that biomolecules move through a gel matrix under the influence of an 
applied electric field. Smaller molecules will travel more quickly than larger molecules, 
leading to a separation of samples on the basis of size. If nanoswitch molecules fall 
apart, the smaller fragments will migrate more quickly, making gel electrophoresis a 
useful measure of junction stability. Control molecules of a size similar to those under 
investigation can be used to infer which gel bands correspond to which. 
For gel electrophoresis assays, all oligonucleotide preparations were made at 10 ftM 
in equimolar concentrations as described above (except for the assembled HJ which 
was made at the standard 5 tM : 10 pM : 10 MM : 10 iiM ratio, see Section 
3.2) and buffer exchanged twice into 45 mM Tris/TrisHBorate (pH 8.3). MgCl2 
was added to give a final concentration of 0.25 mM and 4 pl (approximately 250 
ng) of each sample was loaded as a band onto a 10% polyacrylamide gel in 45 
mM Tris/Borate (pH 8.3), 0.25 mM MgC12 electrophoresis buffer. Samples were 
loaded in the following order: Oligonucleotides 1, 2, 3 and 4 individually, in pairwise 
combinations 2 + 3 and 3 + 4, as a 3-way structure 2 + 3 + 4 and as the 
assembled 4-way HJ structure, 1 + 2 + 3 + 4. Additionally, TGCAATCCTGAGCA-
CATTTTTFGTGCTCACCGAATCGGATTTTRTCCGATTCGGACTATGCA (5) 
was also deposited as a control oligonucleotide band. This is a 60-mer, containing 
internal Carboxyfluorescein (F) and Carboxytetramethyirhodamine (R), which is 
expected to be of comparable size to the fully assembled SHJ. The gel was run 
for 4.5 hours at 4 °C at 6.25 V/cm and then fixed in 45 mM Tris/TrisHBorate 
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containing 7% (v/v) acetic acid, 10% (v/v) isopropanol for 15 minutes, stained 
in 45 mM Tris/TrisHBorate containing 0.02% (w/v) stains-all dye (Aldrich), 20% 
(v/v) formamide, 20% (v/v) isopropanol for 30 min in the dark and destained in 
1Hs/TrisHBorate containing 10% (v/v) isopropanol in the light for 90 minutes. The 
gel was then scanned on a flatbed scanner to capture 8-bit grey scale images. 
ge1FRET Preparation 
HJ solutions (1 jiM) in 45 mM Tris/Borate pH 8.3 buffer were prepared in the presence 
of either 0 or 5.0 mM MgCl2  and were loaded onto gels (10% acrylamide, 45 mM 
Tris/Borate pH 8.3, and 0 or 5.0 mM MgC12 as appropriate). Gels were run at 4°C with 
an electric field of 7 V/cm for 2 hours, and then scanned with a Typhoon 9400 scanner 
(Amersham Biosciences): laser light at 488 nm was used to excite the donor. The 
emitted light was passed through either a 526 urn short-pass filter (for donor emission) 
or a 580 urn baud-pass filter (for acceptor emission). Using ImageQuant software 
(Molecular Dynamics), the intensity of the signal obtained at 526 nrn (represented by 
the intensity of the colour green) was overlaid with the intensity of the signal obtained 
at 580 urn (represented as the intensity of the colour red) to visualize the relative 
difference in FRET for each gel band. 
3.5.2 Results & Discussion 
Although other DNA devices have been demonstrated which rely on assembly/disassembly 
processes [65], for the purpose of this work a fully functional nanoswitch required 
a stable switch with a well defined open and closed conformation. Using gel 
electrophoresis, SHJ in 0.25 mM MgCl2, a relatively low Mg 
2+  ion concentration 
consistent with the HJ being predominantly in the open configuration (Table 3.1), 
shows in Fig. 3.5(a) the predominant SHJ band (lane 8) to migrate much more slowly 
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than the individual or dimerised oligonucleotides and at a similar rate to the control 
oligonucleotide (lane 9). This band can therefore be assigned to the assembled 4-way 
SHJ, and is indicated by an arrow on the figure 
However, there are also faster migrating bands of significant intensity in lane 8, which 
by comparison with lanes 1 - 7 can be attributed to the single oligonucleotides and 
a dimer assembly product of oligonucleotides 2 and 3. These bands are much more 
prominent than those observed on similar gels at 5 MM M902, which indicates that 
significant SHJ disassembly is occurring at low Mg2+  concentration. This is consistent 
with previous studies, which showed that other HJs of slightly shorter DNA length than 
SHJ dissociate under comparable switching ion concentrations [43]. It is interesting that 
oligonucleotides 2 and 3 are seen to be most likely to form a dimer complex. This can be 
attributed to their relatively long complementary 10 base pairs overlap, compared to 8 
base pairs for oligonucleotides 3 and 4. This suggests that an increase in oligonucleotide 
lengths could lead to a higher degree of association, thereby stabilising the assembled 
HJ and producing less dissociation for LHJ compared to SHJ. 
Fig. 3.5(b) shows ge1FRET experiments carried out on both SHJ and LHJ in the 
presence and absence of Mg2+  switching ion. In the absence of Mg2+  no band due 
to SHJ can be seen, whereas LHJ retains a single band. This supports the complete 
dissociation of SHJ under these conditions and also indicates that in the absence of 
switching ions, the extra base pairing in LHJ is sufficient to overcome the tendency of 
SHJ to dissociate. However, both SHJ and LHJ show single bands in the presence of 
Mg 2+'  with (as expected based on size) LHJ migrating slightly more slowly than the 
SHJ. Furthermore, the FRET data confirms that both SHJ and LHJ show a change 
from low FRET (overall bright green, relatively high intensity) in the absence of Mg2 
to high relative FRET (overall bright red, relatively high intensity) at 5 MM  MgC12, 
consistent with both adopting the closed conformation at 5 MM  Mg2+. In the case 
of LHJ, this indicates a functional switch which maintains its integrity even in the 
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Figure 3.5: (a) Electrophoresis to demonstrate the stability of the 4-way SHJ structure 
at low switching ion concentration (0.25 MM  Mg2+). The gel shows bands correspond 
to each individual oligonucleotide 1 to 4 (lanes 1-4), mixtures of: oligonucleotides 2 + 
3 (lane 5), oligonucleotides 3 + 4 (lane 6), oligonucleotides 2 + 3 + 4 (lane 7), the 4-
way SHJ assembled from oligonucleotides 1 + 2 + 3 + 4 (lane 8) and oligonucleotide 5 
(lane 9), with migration from top to bottom. Positions of monomer oligonucleotides are 
indicated by a bracket. Dimers formed between oligonucleotides 2 + 3 are indicated by 
the lower arrow. (b) ge1FRET data to assess the stability and switching characteristics 
of 4-way SHJ and LHJ in the total absence (open conformation) and presence (closed 
conformation) of Mg2 switching ion. 
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absence of Mg2+,  whereas SHJ is a switch whose assembled stability and switching is 
Mg 2+ dependent. 
These results suggest that, while the SHJ structure is stable under most conditions, 
there is a tendency to instability at very low switching cation concentration. A second, 
more subtle, pointer to this is the absence of any acceptor emission on the emission 
spectra at very low cation concentration; simple consideration of junction geometry 
would suggest that (low efficiency) FRET should occur, which could be visible on the 
spectrum. Furthermore, the values of n obtained for divalent ions are not consistent 
with literature which suggests a value of around 1 would be appropriate [10]. This would 
imply that the switching ions are involved in more processes than simply switching the 
junction. 
The methods described in this chapter for determining changes in conformation, namely 
time-resolved FRET and FLIM, remain valid, as changes in conformation with more 
stable molecules would give similar results. 
3.6 LHJ switching characteristics 
With LHJ identified as a stable nanoswitch, its switching characteristics are of interest. 
The two-state analysis of Section 3.3.1 was applied here. Figs. 3.6(a) and (b) show 
typical LHJ fluorescence emission spectra obtained as a function of the concentration 
of Mg 2+  and Na+  switching ions, respectively, obtained for LHJ. These have forms 
similar to those obtained for SHJ, with an increasing acceptor emission peak at the 
expense of a decreasing donor peak. 
The main difference in these spectra, in comparison to those for SHJ, is that there is a 
acceptor peak even at low switching ion concentrations. This suggests that some FRET 
is possible even in the open case, which is consistent with LHJ being more stable at 
70 














500 520 540 560 580 600 











0 1 	 I 	 I 	 I 	 I 
500 520 540 560 580 600 620 640 
Emission Wavelength (nm) 
Figure 3.6: Fluorescence emission spectra for a solution of 1 AM LHJ in 20 mM pH 7.5 
is/isHC1 buffer, titrated with increasing concentration of (a) Mg2 between 100 
pM and 9.8 mM and (b) Na+ between 55 and 410 mM. In each case, the conversion 
from the open (maximum emission at 517 nm) to the closed configuration (which shows 
a FRET peak with a maximum emission at 584 nm) can clearly be seen, along with the 
isosbestic point at 564 nm. 
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these solution conditions. As the switching ion concentration increases, the donor peak 
decreases and there is a growth in the acceptor peak, consistent with the adoption of 
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Figure 3.7: Plots of FRET ratio versus ion concentration data obtained when titrating 
the ions ) TMA, (1) TrisH, (v) Nat, (Lx) Lit, (A) K, (.) Mg2 , (o) Ca 2+ and 
(+) Spermidine3 into a solution of 1 aM open HJ in This buffer. Ion concentrations 
have been adjusted for the presence of ED TA. 
The results of further measurements are summarised in Fig. 3.7 for both monovalent 
and multivalent ions, showing the increase of FRET signal as the ratio of the peak 
acceptor intensity (IA)  to the donor intensity (ID).  In general, consistent with 
previous observations [15], the basic trend is that the cation concentration threshold 
(the minimum concentration required to actuate the switch) decreases markedly with 
increasing valency. This is fully consistent with the overall notion that the electrostatic 
repulsion between fixed phosphate backbone charges must be sufficiently screened by 
switching ions to enable folding. It is thus clear that much larger ion concentrations 
are required for monovalent ions to induce switching and switching due to monovalent 
ions can be ignored when multivalent ions are present. The effect of buffer cation 
concentration on HJ conformation has not been considered in previous studies; this 
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work confirms the applicability of TrisH as an inert buffer ion, maintaining constant 
pH and high ionic strength, while not inducing significant folding at the tens of 
millimolar ion concentrations required for solution buffering. 
Fig. 3.8 shows typical fits with simultaneous non-linear least squares analysis, to 
(3.8) and (3.9) for the experimental open and closed LHJ data. The close correspon-
dence of this simple two-state model with experiment is highly satisfactory. From each 
of these plots a value of c112 and n was obtained. These are independent parameters; 
Cl/2 determines the location of the switching transition on the concentration axis and 
is inversely related to the ion binding strength; n determines the sharpness of the 
transition and is analogous to the Hill coefficient [66]. High values of n therefore equate 
to sharp switching, where switching between the two forms occurs over a relatively 
narrow concentration range. The sharpness of this transition between the on and off 
states is a key characteristic that defines how close the system is to a theoretically 
ideal switch. Table 3.3 shows typical experimental values of c1 i2 and n calculated for 
a variety of switching ions. 
Mz+ 	Buffer c112  (MM) 	n 	R2  
Li Tris/HC1 159 ± 3 3.4 + 0.2 0.99 
Na Tris/HC1 126 ± 3 3.1 ± 0.2 0.99 
K Tris/HC1 120 ± 2 3.3 ± 0.2 0.99 
Ca2 Tris/HC1 1.1 ± 0.1 1.8 ± 0.1 0.99 
Mg2 Tris/HC1 1.2 ± 0.1 1.3 + 0.1 0.99 
Table 3.3: Quantitative analysis parameters for LHJ switching, at 1 jtM sample 
concentration unless otherwise stated. 
73 












0 U.UU2 0.004 O.UU6 0.008 0.01 0.012 0.014 












0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 
Ion Concentration (M) 
Figure 3.8: Plot of the fraction of open (o) and closed (.) HJ versus (a) Ca2 and (b) 
Li 	concentration in a solution of 1 MM HJ in Tris buffer. The solid lines show the 
theoretical fits to Eqs. (3.8) and (3.9). 
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The values of R2  demonstrate that this relatively simple analysis produces good fits to 
the data for all ions. Within the ion groups (Lit, Na and K) and (Mg2 and Ca2j, 
which have the same cation charge, z, the values of 	and ri are similar. As both the 
solvated and unsolvated ion sizes vary greatly for these ions, this indicates that neither 
hydrated nor dehydrated ion size determines LHJ folding characteristics. However, 
there is a strong dependency of c112 on z, as increasing z from +1. to +2 decreases c112 
by approximately 100-fold. This is a much larger effect than the z2 dependency expected 
for interactions controlled simply by ionic strength (such as colloidal coagulation), which 
is evidence for more specific cation backbone phosphate interactions. The value of n 
also changes markedly, being close to 3 for Li+, Na+ and  K+ and between 1 and 2 for 
Mg 2+  and Ca. 2+. 
Under conditions of positive cooperativity, where multiple ions bind successively with 
increasingly tight binding (larger binding affinities) [66], n is equal to the minimum 
number of ions which are required to associate to induce folding. Even in other more 
complicated cases, values of n greater than 1 indicate multiple ion binding [66]. This 
value could suggest that divalent ions are better able to electrostatically interact with 
multiple backbone phosphate groups and hence fewer are required to induce folding 
than for monovalent ions. 
This value of n - 1 for divalent ions is consistent with the literature [10] and is in 
marked contrast to the results obtained for SHJ (Table 3.1), which did not exhibit this 
value. It is likely that this is a result of SHJ instability at very low ion concentration. 
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3.7 High Throughput Analysis Techniques 
3.7.1 Methods & Analysis 
Fluorescence Lifetime Plate Reader 
For these initial analyses, the SHJ was used. Although there are stability issues 
with this architecture, that issue is not important for an initial investigation of the 
applicability of high-throughput analysis methods 
The fluorescence lifetime plate reader is a closed system, with increased opportunity 
for interaction between electrical components and no facility for the measurement of 
an instrument response. The excitation and collection from the plate is also collinear, 
and as such the data is unlikely to be of as high quality as that obtained using the 
spectrometer system outlined in Section 2.4 due to increased backscatter. However, 
the system has the benefit of requiring minimal set up and adjustment between 
measurements, with a quoted lifetime resolution of 0.1 ns [67], which should be sufficient 
to observe changes in nanoswitch conformation. 
Donor excitation was achieved using the plate reader, which contains a diode laser with 
470 nm emission with a 5 MHz repetition rate. Donor emission was collected through a 
520 nm bandpass filter, which corresponds to the peak of the donor emission spectrum. 
For initial investigation with SHJ, the donor decay was fitted to a single apparent 
lifetime, -Tapp: 
1(t) = exp 	 (3.10) 
\ Tapp / 
All fits were carried out from the peak of the donor fluorescence decay to be used 
to monitor changes in junction conformation. For this single exponential decay, the 
3.7. High Throughput Analysis Techniques 
lifetimes can be used analagously to donor intensities in Eq. 3.5 for steady-state spectra, 
as with i = 1 (2.30) reduces to: 
1rel = Tapp 
	 (3.11) 
Although the donor decay was not fully defined by a single exponential, the aim here 
was to use a simple, single exponential fit to monitor changes in junction conformation. 
Regardless, with this instrument and using SHJ, the donor decay was reasonably fitted 
by a single exponential to provide an apparent lifetime which was useful for monitoring 
changes in junction conformation. All fitting was carried out, in real time, by the 
automated fitting software supplied with the instrument. 
Crucially, by fitting this apparent lifetime to the data, the result can be directly 
compared to that measured using FLIM, which used a single exponential fit to the 
image buffers. 
Fluorescence Lifetime Imaging Microscopy 
A 5 p1 droplet of HJ solution on a glass coverslip was excited at the donor wavelength as 
in Section 3.4, with the excitation light expanded, collimated and directed into a Nikon 
TE300 inverted microscope. This was directed using a dichroic mirror and focussed 
onto the sample. The fluorescence emission was collected back through the objective 
and passed through an emission filter (520 nm bandpass). The output was directed 
through the side port of the microscope to a Picostar HR-12QE gated intensified CCD 
camera system (LaVision) for imaging. This was triggered by the laser trigger pulse 
from the diode laser driving unit. The intensifier gate width was 500 ps and each image 
had a total exposure time of 500 ms. Images were recorded in steps of 500 Ps for a 
total measurement window of 20 ns, which was sufficient for the emission to die to zero. 
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An appropriate background was measured and subtracted from each image, whilst 5 
images were averaged per gate to reduce noise. 
The full set up was controlled using the DaVis 6 software package, supplied with the 
picosecond gated image intensifier/camera system. The image series were analysed 
from one image buffer from the peak, in an attempt to minimise interference from the 
instrument response. Decay curves, fitted to a single exponential, were then built up 
for each pixel by Eq. 3.10, where the intensity is now also a function of position on the 




This again used a single exponential model to describe the donor fluorescence decay, 
which the work of the previous section has shown to be sufficient for monitoring changes 
in nanoswitch conformation. 
3.7.2 Results 
Fluorescence Lifetime Plate Reader for High Throughput Measurements 
Measurements were performed for SHJ in solutions of varying switching ion concentra-
tion for switching with Nat, Mg2 and Sp3 . This allowed investigation of the efficacy 
of the high-throughput method under a range of conditions. The values of 	obtained 
for the open and closed lifetimes ranged from 4.1 ns for the open SHJ to 2.0 ns for the 
closed SHJ. 
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Figure 3.9: Normalised open SHJ concentration calculated from donor lifetimes of 
DNA junctions under the influence of (+) Nat, (x) Mg2 and (o) Sp'. These 
show agreement with steady-state results, represented by the solid lines. These show 
satisfactory agreement, particularly with the errors which result from the fit of a single 
exponential model. 
The values of Xopen obtained from these results are shown in Fig. 3.9, plotted 
alongside the results obtained from steady-state measurements. These show satifactory 
agreement with the steady state fits in Table 3.1, despite using a single exponential to 
describe the donor decay. Agreement is shown for ions of charge +1, +2 and +3. 
This shows that DNA junction conformation can be determined using a simple 
fluorescence lifetime analysis, with a high-thoughput instrument for analysis of junction 
conformation. 
Fluorescence Lifetime Imaging Microscopy of DNA Nanoswitches 
Fig. 3.10 shows FLIM images of a 5 pl droplet of junction solution, originally in the open 
conformation and 'switched' with magnesium to the closed conformation by addition 
of a small volume of concentrated M902.  Donor lifetimes were calculated using single 
exponential fits to FLIM data, and as such should be compared to the lifetimes obtained 
using the plate reader, which suggested a change in lifetime from 4.1 to 2.0 us. The 
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Figure 3.10: FLIM images of HJ droplets in both the open configuration (a) and closed 
using Mg2+  ions (b), where the lifetimes indicated on the scale are in ns. 
images presented show a lifetime magnitude and change which are in agreement. 
These results show two useful methodologies for high-throughput analysis of nanoswitch 
conformation, and are important as a high throughput analysis would be required in 
any biosensor application. The results presented here will be extended later in this 
thesis in the direct context of a biosensor. 
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3.8 Conclusions and Comments 
It has been shown that, using steady-state emission spectra, the behaviour of both the 
SHJ and LHJ nanoswitch structures can be well described by a two-state switching 
model. The parameters obtained from this model are consistent with the literature for 
LHJ, but some discrepancy in n, analogous to the Hill coefficient, was noted for SHJ. It 
was shown that, in both cases, a divalent ion concentration of order 1 mM was required 
for a conformational change; this value was shown to be highly dependent upon ionic 
charge, consistent with literature observations. 
The preliminary use of time-resolved donor fluorescence measurements was also 
investigated, using a multiple exponential model to fit the decays. Although a more 
complete model of FRET is required here, it was shown that the decays can be fitted 
with high accuracy using a multiple exponential model. The parameters obtained 
showed a close agreement with steady-state based observations, and showed that time-
resolved measurements are capable of resolving changes in nanoswitch conformation. 
The stability of the SHJ structure was investigated in the full range of applicable 
solution conditions. The results were compared to LHJ which, with longer nanoswitch 
arms, was expected to be more stable. It was shown that whilst both designs formed 
fully functional nanoswitches at high cation concentration, the SHJ structure had a 
tendency towards instability at low cation concentration. Analysis of the switching 
characteristics of the LHJ structure showed close agreement with the literature, and it 
was reasoned that the SHJ discrepancy was due to its instability. 
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Two possible high-throughput analysis methods, using a fluorescence lifetime plate 
reader and FRET-FLIM have been proposed; both methods show promise for the 
analysis of SHJ. 
With the switching characteristics and properties of nanoswitches explored, the next 
step was to design a nanoswitch capable of performing molecular recognition tasks. 
Chapter 4 
A DNA Nanoswitch as a Biosensor 
4.1 Increased Fidelity with Two-Step Recognition 
The conditions required for a stable, functional nanoswitch have now been defined. In 
addition, the solution conditions required to induce a conformational change have been 
presented. The next step was to design a DNA nanoswitch with the ability to hybridise 
to a complementary target. Despite the diverse range of molecular machines reported 
[68, 69], none at the time of this research had used a switch mechanism as a principle 
for sequence-specific, nucleic acid recognition. This chapter details the investigation of 
this concept, and a characterisation of the results. 
During the past decade, protein and small-molecule detection schemes have benefited 
from the development of probes such as aptamers [8] and DNAzymes [70] that are based 
on novel methods of molecular recognition. Nucleic acid detection, however, remains 
dominated by base pairing, which relies fundamentally on differences in bonding 
enthalpies between probes and matched/mismatched targets. In order to ensure a 
high level of fidelity of sequence detection, many of these assays must incorporate a 
second-stage recognition process, such as ligation or primer extension [71, 72], and this 
enhanced specificity comes at the expense of added time and cost. 
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Figure 4.1: (a) A schematic of the DNA sequence layout in a complete DNA nanoswitch. 
The probe, red, binds to the target, blue. A conformational change will alter the 
efficiency of energy transfer. The labelling system for target bases is indicated by the 
blue numbering. 
With this in mind, the use of a DNA nanoswitch for recognition tasks in biological 
applications was investigated. Of particular interest was whether the properties of a 
molecular switch could be exploited to provide, as a single entity, a two-stage molecular 
recognition device whose switch characteristics had the potential to improve specificity 
and avoid the need for labeling a sample. The switch presented in Figs. 1.5 and 4.1 
required the hybridisation of two strands: (1) a labeled probe strand that comprised 
the majority of the structure and contains two unpaired binding arms and (2) a target 
strand whose hybridization to the probe completed the assembly of the DNA switch. 
The nucleotide sequence around the branch point was designed so that the junction 
was immobile [73] and the switch could exists in either an open (extended) or closed 
(coaxially stacked) conformation [74, 14]. 
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By introducing donor and acceptor fluorophores at specific sites in the probe, switching 
between open and closed states of the probe-target complex can be monitored using 
FRET [44], thus eliminating the need for target labeling. There are two possible 
conformations of the closed state, depending on the sequence around the branch point 
[10]; the switch presented here is based on the well-studied junction, "Ji" [21, 64], which 
exists predominantly (95%) in the a single stacking conformation, as depicted in Fig. 1.5 
[23]. In the previous chapters, and in other work [75], the design properties of the HJ 
probe have been studied and the positions of the donor and acceptor moieties that 
confer the largest differential FRET signal between open and closed states determined. 
In the previous chapter, ge1FRET was shown to be an elegant method with which to 
simultaneously demonstrate both switching and stability for a nanoswitch design. This 
approach was used again here, in conjunction with steady-state fluorescence of solution 
samples, to investigate the qualitative effect of target mismatches on the structure of 
a nanoswitch. These were used to assess the promise of this approach for molecular 
recognition purposes. 
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4.2 Methods & Analysis 
4.2.1 DNA Switch Assembly 
The DNA probe (5'-TGCATAGTGGATTGCATTTTTGCAATCCTGAGCACATTT. 
TTGTGCTCACCGAATCCCA-3') was synthesised (Eurogentec) with tetramethyirho-
damine attached at the 5' end and carboxyfluorescein attached at a thymidine (19 nu-
cleotides from the 5' end). The probe was assembled in 20 mM Tris/HC1 (pH 7.5), 5 mM 
M902, and 50 mM NaCl in the presence of 0-5 x excess target DNA oligonucleotide 
(5'-TGGGATTCGGACTATGCA-3') or non-complementary DNA oligonucleotide (5'-
GAGCCGTTTAAGTGCGAT-3'). Concentrations of each probe/target are indicated 
in the figure legends. Samples were incubated in a water bath at 80 °C for 30 minutes, 
followed by a slow temperature decrease to room temperature. The Mg2+  and  Na+  ions 
were then removed by sequential application to two Sephadex G25 gel filtration columns 
(Amersham Biosciences UK Ltd.) to buffer exchange the sample into 20 mM Tris/HC1 
(pH 7.5). This protocol was designed to eliminate any potential alternate conformers 
or aggregates of the probe/target complex, however, further analysis demonstrated 
that annealing of the probe and target at room temperature for < 5 minutes in the 
absence of Mg 2+  and Na ions yielded identical results in both ge1FRET and solution 
fluorescence measurements [76] when measured at 1 11M probe, 5 uM target. 
Titration studies were carried out as in Chapter 3.3.1. For extensive studies of 
mutations at numerous target bases, a plate reader attachment was used to a Fluoromax 
3 spectrofluorimeter (Horiba Jobin Yvon Ltd.). FRET ratios were then calculated as 
previously. 
ge1FRET measurements were performed as in Chapter 3.5.1. ge1FRET ratios were 
calculated as the ratio of acceptor to donor using the results from ImageQuant. 
4.3. Results & Discussion 
4.3 Results & Discussion 
The switching characteristics of this nanoswitch were first characterised, using the 
analysis of Chapter 3.3.1, with Mg 2+  as the switching ion. The resulting parameters 
of n = 1.4 and c112 =40 iM (R2 = 1.00) show a typical value for n and a value of 
which is lower than that seen for both SHJ and LHJ. This could be due to the 
increased stability afforded to the nanoswitch over SHJ by the thymine loops, and 
the shorter arms in comparison to LHJ. Regardless, this shows that the switching 
characteristics of this nanoswitch suggest that it fully adopts the closed conformation 
by 5 MM  MgC12, which is used henceforth as the minimum concentration for analysis 
of the closed conformation. 
The spectra obtained in the open and closed conformations are shown in Fig. 4.2. These 
show that there is a significant FRET efficiency in the closed conformation, greater than 
that seen for SHJ and LHJ, suggesting that the fluorophores are closer together. This 
is not particularly surprising, given SHJ's instability in the open conformation and that 
the dyes in LHJ are attached on the middle of junction arms, which may affect their 
position. 
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Figure 4.2: Spectra obtained in the open and closed conformation for the molecular 
recognition nanoswitch with Mg 2+ as the switching ion. 
A key principle of this molecular recognition methodology was that it incorporated 
both bimolecular (hybridisation) and unimolecular (switching) recognition criteria for 
target detection. This two-step recognition was demonstrated using a ge1FRET assay. 
As shown in Fig. 4.3, titration of the probe with its complementary DNA target results 
in a slower-migrating complex. The FRET efficiency that occurs in each gel band can 
be visualized from an overlay of the emission intensities of the donor (green intensity) 
and the acceptor (red intensity). In the absence of Mg' (Fig. 4.3(a)), both the probe 
and probe-target complex have a low FRET efficiency, as evidenced by the lack of 
acceptor signal. In the presence of 5.0 mM Mg 2+  (Fig. 4.3(b)), the probe-target 
complex, but not the probe, produces a FRET signal (red) indicative of the closed 
state of a complete DNA switch. Neither hybridisation nor switching occurs with a 
completely non-complementary target (Fig. 4.3(c)). 
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Figure 4.3: Operational properties and specificty of the DNA switch. (a) 9e1FRET 
analysis of the probe with 0 - 5 x matched target or noncomplementary oligonucleotide. 
(b) ge1FRET analysis of the probe with matched and mismatched targets at 5.0 MM 
MgC12 . In both cases, the migration direction is from the top down. 
Having established the DNA switch as a sensor for detecting unlabeled DNA, its ability 
to distinguish single nucleotide differences in unlabeled DNA targets was explored using 
the ge1FRET assay (with all mismatches bound, Fig. 4.3(d)) to specifically determine 
the difference in maximum FRET efficiency between assembled HJs formed from probe 
and either mismatched or matched targets. As shown in Fig. 4.3(d), the identity of the 
mutated nucleotide substantially influences the FRET efficiency from the DNA switch; 
some mismatches (e.g. hA - C) result in a subtle difference, while others are more 
dramatic (e.g. hA -* G). In this thesis, the naming of a target as 'hG' represents 
the mutation of the complementary base at the 11th target base from the 5' end by 
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Target 
Figure 4.4: (a) A comparison of solution and gel based FRET results; in both cases, 
discrimination between different targets is possible, although the values vary between 
instruments due to the different measurement methods. 
The same results were obtained when measuring the FRET of each complex in solution, 
shown if Fig. 4.4, although slight differences in the FRET ratio reported are expected 
due to solution measurements using monochromators at the emission peaks and the 
ge1FRET measurements using band pass filters. These results are consistent with other 
reports [14, 24, 77, 78] that the sequence at the branch point of an HJ can affect 
switching. At positions up to two bases away from the branch point, there is still 
some difference between the FRET efficiency of a switch assembled from a mismatch 
target and that assembled from a perfect match. Further than two bases from the 
branch point, the mutated target makes a switch that is indistinguishable from the 
perfectly matched target (Fig. 4.5). This specificity at the branch point is a unique 
feature of the switch that is not possible with standard probes and could potentially be 
exploited for detection of specific mutation sites. Nonetheless, it should be noted that 
limiting discrimination to the branch point may have an impact on probe design in 
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S 
Target 
Figure 4.5: A histogram of the 9e1FRET ratios of the probe-target complexes; targets 
differ by the identity of one nucleotide at each indicated position. The tenth and eleventh 
bases straddle the branch point, and are shown here to be the most sensitive to base 
mutation. This region is indicated red. 
diagnosing/detecting single base pair mutations and thus probe design is an important 
area for further research; without this, these devices would be limited to those sequences 
applicable to natural HJ structures. 
To further investigate the nature of the molecular recognition mechanism, the effect 
of target mismatches on the population of the alternate stacking conformer was 
also investigated. Fig. 4.6 shows that the alternate conformer was not significantly 
populated by any mismatch on the target, and certainly not sufficiently to explain 
changes in FRET efficiency. 
The Mg 2+ dependence of the switch characteristic for each probe-target complex in 
solution was then examined in order to determine conditions that will yield the maximal 
discrimination between matched and mismatched targets. At low concentrations of 
MgCl2, determined from Fig. 4.7(a), there is a larger discrimination between matched 
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Figure 4.6: A histogram of the solution FRET ratios of the probe-target complexes 
designed to investigate the population of the alternate stacking conformer. 
and mismatched target than at 5 MM  MgC12 - Although this could be due to differences 
in the Mg2 dependence of either binding or switching, ge1FRET data demonstrate that 
all targets are> 85% bound under these conditions (Fig. 4.7(b)), and thus the difference 
is primarily due to switching. 
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Figure 4.7: (a) A titration course of M902  for all possible 10 and 11 point target 
mismatches. This shows that it is possible to obtain discrimination between targets not 
only with fully closed nanoswitches, but also using variation in switching characteristics 
and FRET efficiency at different M902 concentrations. (b) Ge1FRET shows that the 
nanoswitch is bound to the target at 100 MM Mg2 , and as such the increased fidelity 
at this concentration is due mainly to switching characteristics and not complementary 
target binding. 
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This provides a range of factors which could be used to maximise mismatch discrimina-
tion. Indeed, mismatches could influence any combination of three factors: the Mg2+ 
concentration at which the switch closes, the overall FRET emission intensity due to 
changes in the equilibrium between the two different closed conformers or the overall 
FRET emission intensity due to changes in the distance or angle between the helices in 
the closed state. Nonetheless, as demonstrated above, the switch mechanism provides a 
novel method for distinguishing single-nucleotide mismatches, and with judicious choice 
of probe, target and switching ion concentrations can be shown to provide up to 30-fold 
discrimination between matched and mismatched targets [76]. In addition, it has been 
shown that this system is capable of resolving RNA targets [76]. 
In Fig. 4.4, it was demonstrated that FRET efficiency is dependent on target sequence, 
with a perfect match giving the largest value. It was also shown that the FRET ratio 
increases in proportion to target concentration [76]. It is therefore considered that, 
when using the nanoswitch to measure sequence variation, it is necessary for the target 
concentration to be in excess of probe concentration, since this ensures that differences 
in FRET ratio are due to sequence-specific differences and not concentration-dependent 
behaviour. 
4.4 Conclusions & Comments 
The principle that a DNA switch combining Watson-Crick base pairing with sequence-
dependent switching affords molecular recognition precision beyond base pairing and 
avoids the need for target labeling when using either DNA or RNA targets has been 
clearly demonstrated. 
Other types of probe, such as molecular beacons, aptamers, and DNAzymes, undergo 
a conformational change on target binding; however, the conformational change is 
coupled directly to target binding. The nanoswitch approach is different since binding 
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and switching are separate events. For example, in the case of molecular beacons 
[7], detection of specific nucleic acid sequences is achieved through hybridization of a 
target to a hairpin (stem-loop) probe where the probe sequence is in the uncomplexed 
loop. In the absence of binding, the stem is complexed and this constrains two dye 
molecules (commonly a donor and either an acceptor or a quencher) in proximity 
leading either to FRET or a low donor emission, respectively. Binding of target to 
the probe (loop) competes with the stability of the stem, leading to its concerted 
dissociation and the consequent separation of the dye pair, which alters the fluorescence 
output. The molecular beacons conformational change requires the simultaneous 
formation and breaking of hydrogen bonds, which is facilitated under tightly defined 
reaction conditions, and although high degrees of specificity can be achieved, this often 
necessitates long assay times [7, 79, 80]. 
The fundamental features of the switch device discussed here are distinct from molecular 
beacons since binding and detection through switching are separate events. The fact 
that, in this device, the probe strands are initially uncomplexed removes any intrinsic 
energy barrier to hybridization and can thereby increase the kinetics of detection. 
Similarly, aptamers and DNAzymes are probes which undergo conformational changes 
on target binding, but although both types can be designed to be highly specific, binding 
and switching are directly coupled. Moreover, note that most other detection strategies 
for highly specific nucleic acid discrimination employ either secondary enzymatic 
reactions (such as primer extension) or stringent denaturing conditions that are not 
necessary when using this DNA nanoswitch. For both molecular beacons and the DNA 
switch, sensitivity is dictated by the properties of fluorophore, fluorescence detection 
method, background signal, and optical imaging instrumentation. A significant amount 
of research has gone into developing the design features of molecular beacons, which 
are reported to be able to detect < 10 mRNA copies per cell [81]; it is possible that 
similar work could advance the capabilities of the DNA nanoswitch, which is limited 
to detection of low nanomolar concentrations of target in vitro. 
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Although there is significant scope for optimisation of the device design, its detection 
characteristics have a wide range of potential applications in areas such as molecular 
profiling and diagnostics. Molecular designs deploying these principles are not expected 
to be limited to variants of the HJ as described here and may include those related to 
other DNA nanodevices such as tweezers, the B-Z transition switch, linear motors, and 
rotary devices [82]. 
In the remainder of this thesis, the structural properties of this nanoswitch are 
investigated to gain insight to the molecular recognition mechanism, in an attempt 
to aid and stimulate further study. 
Of 
Chapter 5 
Structural Models: Gaussian 
Approximation for Fluorophore 
Separation 
5.1 Determining Sequence Dependence of Structure 
The use of a DNA nanoswitch as a molecular recognition device, capable of resolving a 
single-nucleotide mismatch in a target nucleic acid, has been demonstrated. In this 
chapter, the structural origin of this recognition mechanism is probed using time-
resolved fluorescence spectroscopy. 
The system demonstrated thus far has used a FRET based technique to monitor 
structural changes caused by target mismatches. To enable further development of these 
devices, it is necessary to investigate the precise nature of the structural perturbations, 
which manifest themselves as changes in FRET efficiency. 
The atomic resolution structure of the DNA junction in crystal form [30] and the general 
properties of DNA junctions have been widely studied, as discussed in Chapter 1.2. 
The solution properties have been probed in this thesis using fluorescence methods, 
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which give an insight to the dynamics of the conformational changes available to the 
nanoswitch. 
The results presented in the previous chapter, in addition to existing gel electrophoresis 
results [78], indicate that folding into the stacked conformer is inhibited by mismatches 
at the junction branch point. Furthermore, modification of the branch point sequence 
has been shown to have the potential to entirely alter any stacking conformer bias 
[23, 78]. As illustrated by Fig. 4.6, these designs appear to not significantly adopt 
the alternate conformer for any target with a single mismatch, suggesting that the 
molecular recognition mechanism is entirely controlled by perturbations to the original 
stacked conformer. 
Using time-resolved FRET allows more information to be gleaned about the nature of 
this perturbation. Whilst steady-state spectroscopy only allows the absolute change 
in FRET efficiency to be monitored, time-resolved FRET allows a model for the 
fluorophore separation distance to be inferred. 
Research using this technique has been performed on the Ji structure [44] and other, 
similar molecules [23], which have shown that fully complementary junctions are 
reasonably described by a Gaussian form for the fluorophore separation distance. This 
assumption of a Gaussian distribution was therefore used as a starting point here. 
Here, the time-resolved donor fluorescence decays for each possible target with a single 
nucleotide mismatch at either the 10th or 11th target bases were fitted using a Gaussian 
distribution. The results allowed the peak position and distribution width to be 
extracted, which could then provide insight to the nature of the structural perturbations 
caused by the target mismatch. 
5.2. Methods S. Analysis 
5.2 Methods & Analysis 
In previous work, a multiple-exponenetiaJ decay has been shown to be typical for 
an unquenched donor molecule tethered to DNA [44]. The unquenched donor decay 
therefore satisfies (2.63): 
1(t) = K(t) 0 i(t) 
with (2.69): 
K(t) 
i=O 	 Ti 
When the donor is quenched by FRET to the acceptor, the decay described by (2.63) 
and (2.69) is modified and the lifetime of the donor in each environment is reduced. 
When all distinct donor environments share a common donor-acceptor distribution 
function, P(r) (i.e. when changes in donor environment cause a negligible difference in 
donor-acceptor separation), then the fluorescence decay is described by: 
j
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® 	ajexp [( 	
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P(r)dr, 	(5.1) 
min 	 Ti r 
analogous to (2.61). 
In this expression, ai and Tj are the amplitudes and lifetimes obtained from a donor-only 
molecule and .R0 is fixed by the choice of donor-aceptor pair. P(r) is to be determined, 
and describes the distribution of fluorophore separation [44]. This expression also 
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simplifies the effect of the angular orientation of the donor and acceptor transition dipole 
moments to the FRET efficiency. Considerations of dipole orientations are explicitly 
contained in R0 according to (2.39): 
R6 
= 90001I110i 2QDJ()  
0 	1287r5NAn4 
,c2  describes the relative orientations of the transition dipole moments; this averages to 
2/3 in the approximation that they are free to rotate on a short timescale compared to 
the lifetime of the donor. In the probes used here, the fluorophores were attached using 
a flexible linker, making the angular insensitivity of FRET a reasonable approximation; 
this has been confirmed in similar systems [44, 23, 83]. 
P(r), the distribution of fluorophore separation, contains information on the molecular 
conformation. The analysis here assumes a Gaussian distance distribution in three 
dimensions: 
P(r) = 47rr2cexp [—a(r - b)2 ] 	 (5.2) 
0<r< O r< 100 A 
which has been shown to be useful in similar systems [44] and oligopeptides [84]. This 
allows donor fluorescence decays to be fitted to (5.1) by varying a and b to extract 
the mean value and width of P(r), respectively, under the assumption of a Gaussian 
distribution. The parameter c is a normalisation factor and so there are only 2 fitting 
parameters for the shape of the fluorescence decay, a and b. 
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5.2.1 Sample Preparation 
The samples were prepared as in Section 4.2.1. Specifically for the work of this chapter, 
the target was always at lOx excess to ensure full association of probe with target, thus 
negating the need for consideration of the uncomplexed probe in the analysis. This was 
confirmed by gel electrophoresis experiments, which showed the probe fully complexed 
with target and absence of free fluorophores in these experiments, as shown in the 
previous chapters. Samples were annealed at 80 °C for 5 minutes followed by slow 
cooling to room temperature in 20 mM Tris/HC1 (pH 7.5), with or without 10 mM 
MgCl2. 10 mM has been shown the previous chapter to be a sufficient concentration of 
Mg 2+  ions to cause adoption of the closed conformation. Donor-only lifetime emission 
in a comparable environment in the absence of FRET was measured using 1 zM of the 
probe without acceptor, synthesised by Eurogentec, in 20 mM Tris/HC1 (pH 7.5), 10 
MM MgC12 . 
5.2.2 Time-resolved Fluorescence 
All data were collected to a peak of 10,000 counts with a delay window of 20 us in 4096 
channels. For each measurement, a corresponding instrument response was measured 
using a colloidal scattering sample. 
Fitting was achieved as in previous chapters, using a multiple exponential model and 
considering the instrument response. Three exponents were used to model the decay, 
and care was taken to ensure the fitting of more exponents did not improve the fit 
quality or change the recovered distribution form. The resulting K(t) decay was fitted 
to (5.1) using the non-linear least-squares fitting tool of Microcal Origin, which allowed 
the functional fitting form to be defined and fitted. 
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5.3 Results & Discussion 
The fit to the fluorescence decay for the donor-only molecule using (2.69) was multi-
exponential, with typical parameters given in Table 5.1. A good fit was found to require 
three components, consistent with Chapter 3. 
This table shows that 80 % of the fluorescent species contributing to the decay are 
the longest lifetime component, 1, which can be assigned to the lifetime of donor in a 
highly solvated configuration, comparable to free donor. However, there are also 17 % 
and 3 % of shorter lifetime emitting species (components 2 and 3); in similar molecules 
these have been considered as being characteristic of the lifetimes of the donor in two 
alternative environments, where the donor can experience quenching due to DNA and 
linker interactions [44, 85]. 
By fitting (2.69) to the molecules studied, the remaining results in Table 1 are obtained, 
each with an excellent quality of fit from their x2  values. However, although in all cases 
as expected, each component lifetime is shortened, there is significant variation in the 
proportions of the three lifetimes (from the a values) in the matched and unmatched 
targets. This seems physically unrealistic, as the free rotation of the dyes and relatively 
small changes brought about by the single base mutations would not be expected to 
lead to such drastic variation. It should be noted that these parameters do provide an 
accurate mathematic description of the data, and the donor intensities, re1  predicted 
from these decay parameters is in complete agreement with all solution steady-state 
measurements (an increase in FRET efficiency is reflected by a decrease in re1).  The 
explicit FRET efficiencies inferred are also tabulated. In contrast, readily interpretable 
results and comparable fits are obtained by using a 2-parameter fit to (5.1), which 
assumes that the donor decay is modified solely by changes in fluorophore separation, 
in accordance with previous studies [44, 23, 83]. These results are described in Table 5.2, 
with an example of the fit quality shown in Fig. 5.1. 
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Molecule al  r1  Ce2 T2 o 3  73  x re1 EFRET 
Donor Only 0.80 4.5 0.17 2.3 0.03 0.5 1.068 4.0 - 
Matched Open 0.32 3.2 0.53 1.8 0.16 0.4 1.029 2.0 0.5 
Matched Closed 0.24 3.3 0.40 1.2 0.36 0.3 1.045 1.4 0.65 
11C 0.20 3.4 0.45 1.3 0.35 0.3 1.069 1.4 0.65 
hG 0.41 3.2 0.37 1.5 0.22 0.3 1.019 1.9 0.53 
liT 0.28 3.3 0.43 1.4 0.30 0.3 1.068 1.6 0.60 
10A 0.36 3.2 0.37 1.3 0.27 0.3 1.021 1.7 0.58 
10C 0.35 3.1 0.39 1.3 0.26 0.3 1.000 1.7 0.58 
lOT 0.30 3.2 0.40 1.3 0.30 0.3 0.982 1.6 0.60 
Table 5.1: Parameters from the multiexponential fit (2.69) to the fluorescence decay 
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Figure 5.1: The inset shows the raw donor decay data (red) fitted by (2.69) (blue 
line), with associated residuals (shown beneath the inset). This was then fitted to 
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Figs. 5.2 & 5.3 show P(r) distributions calculated from (5.1) and (5.2) and the 
corresponding lifetime decays for each target. The results for the mean FRET 
separation distance and full width at half maxima (FWHM) for each data set calculated 
from a and b are shown in Table 5.2. 












Figure 5.2: Fluoropho're separation distributions for all possible targets with point 
mutations at the 10th (a) and 11th (b) target bases. 
Eq. (5.1) assumes that the sole contributions to changes in the observed donor lifetime 
are changes in the donor-acceptor separation distance due to differences in the folded 
structure of the molecule. However, it is known that a small population of alternative 
conformers of molecules of this type exist. The base pair sequence around the branch 
point is known to sensitively affect the preference [23]. The Ji structure, with an 
identical branch point sequence to the molecule used here, has been shown to have a 
very small population of below 5 % in alternative stacked conformers [23]. It is therefore 
necessary to be careful in this work, with a lack of complementarity around the branch 
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Figure 5.3: Fluorophove separation distributions for the open and closed matched 
molecule. 
point, to check for significant populations of alternative conformers. 
Fits of (5.1) were of high quality in all cases studied, suggesting that the populations of 
alternative conformers is small. An example, demonstrating the fit quality, is shown in 
Fig. 5.1. Using the analysis of Muck et al. [23] the population of alternative conformers 
is probed by adding a second Gaussian distribution to (5.1). This was also carried 
out for the samples analysed here, but again the quality of fit was not improved 
and the fit appeared over parameterised. This also suggests that any population of 
alternate conformers which cannot be identified here will be small, in accordance with 
the previous chapter, and will be included in the single enforced Gaussian distribution. 
To ensure that this was due to negligible alternative populations, and not a limit on the 
analysis technique, a series of set concentrations of a molecule with known fluorescence 
decay were added. The proportion added was then recovered by adding a term to (5.1). 
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It was shown that the the spiked proportion could be recovered with high accuracy to 
below 20 % of the total mixture, which sets a conservative upper limit on this analysis, 
in addition to reassurance that the model and implementation are behaving physically 
As a final control, a similar analysis was applied by adding a term to (5.1) which 
represented a donor only (i.e. non-FRETing) component. This again caused no 
improvement in the fit. With these results in mind, it was concluded that the molecules 
analysed here are significantly biased into one closed conformer, with the populations 
of alternative conformers being very small and not contributing greatly to the data. 
This is further supported by steady-state measurements, from Chapter 4. 
The stability of the fit was tested by setting extreme initial conditions for each sample. 
Despite the high correlation between the parameters a and b, the fit proved to be 
remarkably stable, with identical parameters and satisfactory convergence obtained for 
all but the most extreme initial conditions. 
Target Peak Separation Distance (A) FWHM (A) 
Matched Closed 40.5 28.4 
Matched Open 50.5 17.6 
lOT 44.1 28.9 
10A 45.4 30.5 
10C 45.9 28.3 
11C 42.3 25.5 
liT 44.2 28.2 
hG 49.0 29.4 
Table 5.2: Peaks and full widths at half maxima (FWHM) of probability distributions 
describing fluorophore separation. The fits to eqn. 5 are more physically realistic (with 
no changes in c) despite the resulting fit quality being comparable to that obatined with 
(2.69). 
106 
5.3. Results & Discussion 
As such, (5.1) was fitted to the donor fluorescence decay for each target studied. Fig. 5.2 
shows the optimal P(r) distributions obtained for each of the four possible mutations 
at the 10th and 11th target base. The peaks and widths of these distributions are given 
in Table 5.2, the results of which compare favourably with those obtained for similar 
molecules [44]. 
These results are completely consistent with those presented using steady-state 
measurements [76]. The target which produced the highest FRET efficiency, namely 
the perfectly matched target, also shows a peak at shortest separation distance here. 
Conversely, hG shows the largest peak separation, again as expected. This trend can 
be extended throughout all targets studied here, with the closer separations resulting 
in a higher FRET efficiency throughout. The widths of the distributions show little 
variation. Repeated measurements, using different sample preparation cycles and both 
excitation sources, showed excellent repeatability with a maximum overall spread in 
peak position of 0.4 A and and FWHM of 5.5 A. 
It is clear that single point mutations cause changes to the free energy surface for 
the overall molecule sufficient to cause a perturbation in the peak separation of up 
to 10 A. This result is consistent with previous results suggesting non-complementary 
base sequences disrupt the folding of DNA junctions [78]. 
It is interesting that the matched, open conformation, shown in Fig. 5.3(c), has a larger 
fluorophore separation distance than all others, which is to be expected. In addition, 
the distribution is narrower, suggesting the positions of the junction arms are more 
tightly constrained here. This indicates that the open conformation displays FRET 
consistent with the expected donor - acceptor distance, which shows this analysis can 
be used for both states of the nanoswitch. 
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5.4 Conclusions & Comments 
The properties of the nanoswitch when recognising unlabelled target nucleic acid 
sequences in solution and discriminating single base mutations have been explored. A 
Gaussian distribution of fluorophore separations was fitted to time-resolved fluorescence 
decays, which allowed the magnitude of structural perturbations to be investigated. 
The peak position of the Gaussian distributions obtained showed a maximum variation 
of 50 A. The target mismatches caused a range of separations between these two 
extremes to be obtained, in direct agreement with the trend suggested by previous 
steady-state measurements. 
These results indicate that the structural perturbations at the heart of the molecular 
recognition mechanism are very subtle. Despite this, both time resolved and steady-
state spectroscopy have been capable of resolving single-nucleotide mismatches. 
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Chapter 6 
Structural Models: Exploring 
Alternative Fluorophore Separation 
Distributions 
6.1 Freeing the a-priori Choice of Distribution 
Target mutations have been shown to result in subtle structural perturbations to the 
form of a DNA nanoswitch used as a nucleic acid sensor. Thus far, the structure has 
been analysed using FRET techniques. In particular, time-resolved FRET has been 
used to determine the separation of fluorophores attached to the termini of the junction 
arms. Here it was found that single base mutations in the target lead to very small 
structural perturbations of the folded conformer in which the largest differences were 
10 A. However, the assumption of a Gaussian distance distribution is an approximation 
which may not be a suitable description of the structure. 
Attempts in the literature to circumvent the issue of a-priori determination of the 
junction structure have used a sum of two Gaussian distributions [23]; attempts at this 
approach, in the previous chapter, have not proved useful in these molecules. A possible 
reason for this could be that very small populations of alternate stacking conformers 
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are present in these structures, as shown in Chapter 4, which are below the detection 
limit here. 
A possible approach was to use a series of slightly modified distribution shapes, 
pre-determined in a manner similar to that of the Gaussian case, and extract their 
parameters similarly. However, this still requires the fixing of an a-priori distribution 
shape. The situation could have been further complicated as an equally good fit was 
likely using different distribution shapes, making the choice of favoured distribution 
difficult. 
In this chapter, an attempt was made to explore a generalised distribution form, with 
no specific a-priori choice of distribution form. The approach used a distribution of 
fluorescence lifetimes interpreted as a distribution of distances, a methodology originally 
proposed by Rolinski et al. [86]. 
The donor fluorescence decays for the nanoswitch with a fully complementary target 
were analysed first, in both the open and closed conformations. The resulting 
distributions were compared to those obtained in the previous chapter with a 
constrained Gaussian distribution, in an attempt to validate the analysis method 
employed here. Distributions for a range of target sequences, including all branch 
point (bases 10 and 11) mutations and mutation of bases on the junction arms which 
should have less effect on the nanoswitch structure. 
6.2 Methods & Analysis 
Samples were prepared as in Chapter 5.2.1, with time-resolved spectroscopy as in 
Chapter 5.2.2. 
When a donor experiences FRET to the acceptor, the lifetime of the donor fluorescence 
is shortened by a factor proportional to the FRET efficiency as described by (2.60): 
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I(t)=exp[( 	
1+(6h1. 
[\ro)l 	\r ) J] 
This expression is applicable when all fluorophore pairs can be considered as isolated 
pairs and are at equal separation. However, it can be modified for an ensemble of 
fluorophore separation distances, ri [86]: 
1(t) =aiexp F(s) 11+ (P)6}1 
[ To 	
Ti 
=iexp(. 	 (6.1) 
\Tj J 
This gives a distribution of lifetimes, Tj, with associated amplitudes a. By comparison 
of the exponents in (6.1), we can obtain: 
(6.2) 
In this case each 7-i corresponds to the emission from those nanoswitches with a 
particular donor-acceptor pair separation, r. cj gives their emission intensity at t = 0 
(on excitation), which, given that all nanoswitches have the same donor and hence 
the same unquenched dye excitation and emission characteristics, is proportional to 
the ground state population [47]. The normalised population of nanoswitches with 
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which gives Pi  and ri to directly obtain a discrete distribution function pi (n). 
Of course, this analysis is only applicable to a decay well fitted by a single exponential 
form. In the previous chapter, this has been shown to not be the case here, although 
the decay is dominated by the long lifetime component (80 %). This non-exponential 
nature is consistent with the literature [44, 62], and is problematic here. 
However, it was observed that tail-fitting (i.e. neglecting the instrument response) 
produced a decay which was much closer to a single exponential, presumably as the 
lower lifetime components, which are low in amplitude, could not be resolved as easily. 
When the donor-only decay is tail-fitted with a single exponential, a reasonable fit is 
obtained with a single lifetime of 4.2 ns and a x 2 r of 1.2. A superior tail fit could be 
obtained with a two exponential decay, but this requires a shorter lifetime with an 
amplitude of only 15%, with the remaining 85% comprising the longer, free fluorophore 
lifetime. 
It was therefore decided that, in the absence of the instrument response, the small 
population environments on the donor only decay can be resolved more poorly. 
Therefore, the distribution of lifetimes obtained for molecules undergoing FRET was 
investigated for interpretation as distance distributions. 
Fitting was achieved using Edinburgh Instruments FAST software, which employs a 
maximum entropy algorithm to fit the data. Typically, subdivision of 'r between 
0 and 7 ns into 200 values was used in analysis. This gave a relatively small but 
statistically significant time interval (35 ps) such that this discrete function approaches 
the analytical distribution function p(r). Increasing the number of points further would 
cause the time resolution to approach that of the measurement, which uses a bin width 
of 5 ps. 
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6.3 Results & Discussion 
6.3.1 Distance Distributions 
The effect of a single base mutation in the complementary nanoswitch target was studied 
by mutating the 10th and 11th target bases. A high quality fit was obtained, illustrated 
in Fig. 6.1. As the instrument response was not considered, there was, on some decays, 
an apparent noise at short times. The artefact was small in any case, and is illustrated 
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Figure 6.1: A typical fit obtained and associated residuals (bottom panel). This is a 
least squares fit to a distribution of 200 different decays, which will be interpreted as a 
distribution of distances. 
To provide a normalisation criterion, all lifetime distributions were normalised such that 
the area under the distribution added up to a total of 1, allowing different distributions 
to be compared. 
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Figure 6.2: An example of a poorer fit as a result of not considering the instrument 
response. 
The result obtained for the nanoswitch, with fully complementary target, in its open 
conformation is shown in Fig. 6.3. This shows that the open molecule features a large 
peak separation, as is expected. In addition, the shape of the distribution is close to a 
Gaussian and there is close agreement between the generalised result and that obtained 
using a distribution constrained to be a Gaussian. This result adds confidence to the 
applicability of this analysis approach. 
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Figure 6.3: Fluorophore separation distributions for the matched, open construct. The 
generalised distribution is approximately Gaussian in form, which is confirmed by 
comparison with the Gaussian constrained result plotted alongside. The agreement in 
both shape and peak position between these two forms is encouraging in validating this 
method for application to this system. The dashed lines indicate approximate fitting 
bars obtained by varying selected pi such that the x2  increases to an unacceptable value. 
Fig. 6.4(a) shows the FRET distribution obtained from a nanoswich, with fully 
complementary target, in the closed conformation, with repeated measurements 
presented to indicate the experimental error to be expected in these results. In each 
case, the distribution shows an asymmetric shape, with a steep side at small r and 
an elongated tail at large r. This shape is highly physical, reflecting the difference 
between the repulsive electrostatic force at small r and the solvent induced structural 
fluctuations at large r. 
This shows that FRET distributions obtained using this method are repeatable within 
a low experimental error. Interestingly, the lines cross in very close proximity at 50 
A. This is due to the distance measurement being extremely sensitive in this region, 
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Figure 6.4: (a) FRET distributions obtained using a matched target in the closed 
conformation. These results were obtained using different excitation sources and 
different sample preparation cycles. (b) A comparison of the result obtained here with 
previous, Gaussian constrained, results. The Gaussian has been re-sized in height for 
comparison. 
resulting in a small experimental error. In addition, the peak position is as would be 
expected from previous results. The result obtained using a constrained Gaussian shape 
is plotted alongside in Fig. 6.4(b), which shows how these compare and illustrates the 
qualitative differences. 
Fig. 6.5 (a) contains FRET distributions obtained using all possible base mutations 
at the tenth target base, at the junction branch point. There is clearly a significant 
population of molecules with a larger fluorophore separation in the nanoswitches with 
a target SNP. This varies from a clear second peak in the case of 1OA to a shoulder in 
lOT, revealing an alternative structural origin of the marked changes in FRET efficiency 
observed in previous work. The first peak is seen in a similar position in all cases, 
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indicating insensitivity to base mutation. 
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Figure 6.5: (a) FRET distributions obtained using a matched target and all possible 
base mutations at the 10th target base. All samples were at 10 MM M902. For targets 
with mutations, a bimodal distribution is apparent. The orange dashed line indicates the 
peak position of the closed, matched nanoswitch, whilst the green dashed line represents 
the open case. 
The positions of the separation peaks obtained using the matched target in both the 
open and closed conformations are shown by the dashed lines in Fig. 6.5. This clearly 
demonstrates the origin of this bimodal distribution, with the large separation peaks 
coinciding with a molecule in the open conformation; there is slight variation in the 
precise position of this peak, which may be due to slight modifications in branch point 
energetics by the mismatched base. Indeed, visual comparison with Fig. 6.3 reveals 
that the large separation peak not only resembles the open distribution in position, but 
also in width. 
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Similar behaviour (Fig. 6.5(b)) is apparent for base mutations at the eleventh target 
base. All mutated targets again exhibit a bimodal form for P(r), with a second peak 
characteristic of nanoswitches in the open conformation, with the exception of 1 1C. This 
agrees with previous steady-state work which has shown this nanoswitch to behave most 
like the nanoswitch formed with matched target. 
As it has been established that bases closest to the branch point have the most profound 
effect on switching characteristics in these nanoswitches [10], a similar mutation analysis 
was carried out at the sixth target base, well away from the branch point. As 
predicted, these results (Fig. 6.6) show no second peak, consistent with no increase 
in the proportion of open conformers. Indeed, the results show that the distribution 
obtained is very similar to that obtained for the perfectly matched molecule. Any 
differences that do exist are likely to be due to slight modification of the helix structure 
on the arm due to the single base mismatch, rather than a feature of the global junction 
structure. 
6.3.2 Effect of Non-exponential Donor-only Decay 
By tail fitting a distribution of lifetimes to the donor only decay, it is clear that the 
reason the donor is not fully described by a single exponential is due to a distribution 
of lifetimes peaked around the donor lifetime. To investigate the effect of this, every 
point on the donor only distribution was transformed such that the peak coincided with 
the measured lifetime distribution for the open nanoswitch with matched target, using 






This gives the distribution which would be expected for a single separation distance, 
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Figure 6.6: FRET distributions obtained for mutations at the 6th target base, which 
shows a single peak close to the closed, matched case, which is also plotted. This is 
consistent with mutations away from the branch point not having as large an effect on 
the nanoswitch structure. 
and the result is plotted in Fig. 6.7(a). This suggests that the width of the measured 
distribution is artificially widened by the non-exponential donor only decay. This was 
further investigated by transforming the donor only decay to the peak of the matched 
case, with a similar result, shown in Fig. 6.7(b). 
These calculated distributions do not account for the full width of the peaks reported, 
suggesting that there is a distribution with two peaks, which are narrower than 
first suspected. Although the qualitative results reported above remain valid, a true 
structural study would require a donor decay described more accurately by a single 
exponential. In practice, this is difficult for labelled DNA as interactions with the 
DNA and covalent linker are always likely. 
Plotting these lifetime distributions also reveals some other interesting points. Firstly, 
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Figure 6.7: Fluorescence lifetime distributions obtained from the donor only molecule, 
the matched open (a) and matched closed (b) nanoswitches, and the expected 
distributions obtained by assuming a fixed fiuorophore separation in each case. These 
have been normalised such that they have equal heights for comparison. 
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there appears to be a slight shoulder on the measured open distribution, which was not 
obvious on the distance distribution. This suggests that, even in the open case, some 
nanoswitches have access to the closed conformation, which is physically reasonable for 
such a dynamic molecule. 
Secondly, the distribution for the matched case has a longer tail when closed than when 
open. This would be consistent with there being a greater population of long donor 
lifetimes and, hence, longer fluorophore separation distances. This would be consistent 
with a small population of alternate stacking conformers, which are expected but have 
not been conclusively observed thus far in these molecules, presumably as they have a 
very small population. 
121 
Chapter 6. Structural Models: Exploring Alternative Fluorophore Separation Distributions 
6.3.3 Free Energy Differences 
From a representative distance distribution, it is possible to construct a free energy 
curve from Boltzmann statistics. These distribution functions make it possible to 
construct relative free energy curves as a function of r: 
AF 
= —lnp(r) 	 (6.5) kbT 
Bearing in mind the caveats above regarding these results, the free energy curves were 
calculated for each of these molecules. 
The results are shown in Fig. 6.8. These all have a steep repulsive component at low 
r and a shallow tail at large r. These curves show just how subtle the perturbations 
caused by single nucleotide target mutations are. These feature a well at 30-40 Awhich 
varies in depth depending on which target mutation is applied. In some cases, clearly 
two wells are visible with the second being in the position of the open conformation. 
In these cases, the 'open' well varies in depth from comparable to the 'closed' well to 
negligible in depth. 
The change in well depth is up to '0.015 eV per molecule. The enthalpic difference 
between GC and AT base pairs in a DNA helix is 0.047 eV, which is due to the 
additional hydrogen bond in the GC pair [87]. This is consistent with folding involving 
energetics below that of a hydrogen bond, illustrating the subtlety of the process. 
These results are interesting when considering the advantages of this molecular 
recognition mechanism. The switching process is independent of the arm length, and 
hence independent of the length of the target molecule. As such, the same fidelity should 
always be observed for a single base mutation in any target. SNP systems which rely on 
the melting of a dsDNA sequence will lose fidelity as the length of the target increases, 
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Figure 6.8: Free energy surfaces per molecule obtained from the FRET distance 
distribution functions, at 294 K. These are subject to an arbitrary reference point, 
and as such have been set to be equal at 45 Ato allow the well depths to be compared 
visually. The depth of the well at 35 A is reduced by single base mutations to the 
target, whilst the depth of the well at '-55 A is increased. 
as the single nucleotide mismatch becomes less significant in determining the melting 
temperature. 
6.4 Conclusions & Comments 
Representative distance distributions have been calculated from donor fluorescence 
lifetime distributions for nanoswitches with a number of targets. The results were 
presented with caveats regarding the non-exponential nature of the donor only molecule, 
which was shown to have the effect of artificially widening the distribution. 
However, qualitatively interesting results emerge, suggesting that the primary effect 
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of a target base mutation was to impede the folding of the junction to the form of 
the fully complementary molecule. While the open molecule and the matched, closed 
molecule exhibited a unimodal distribution, mismatches resulted in a distinctly bimodal 
distribution which suggested that some nanoswitches did not close at sufficiently high 
M902 concentrations. 
As this class of molecules are very dynamic in solution, undergoing continual 
interconversion between conformations with the open, this would correspond to an 
increased bias of the equilibrium towards the unfolded case, due to the mismatch 
disrupting the energetics of the nanoswitch. 
An estimation of the disruption to the free energy surface was obtained by calculating 
free energy curves and examining the changes in the depths of the well, which 
corresponds to the stacked conformation. The magnitude of this change was shown to 
be below that of an additional DNA hydrogen bond, which is in line with expectation 
for DNA junction folding. 
Despite the caveats presented, these results are qualitatively different to those obtained 
in the Gaussian constrained case. Whilst the previous chapter illustrated results 
where the changes in FRET efficiency were observed by changing the parameters of a 
constrained Gaussian form. Here, the results certainly indicate that a bimodal system 
is present which cannot be described by a single constrained Gaussian form. This is 
a physically acceptable scenario for a dynamic molecule such as those presented here, 
and is free from initial assumptions surrounding the distribution form. 
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2-Amino Purine as a Probe of 
Nanoswitch Structure 
7.1 An Alternative Fluorescence Approach 
A variety of biophysical techniques have now been used to study the sequence 
dependence of DNA nanoswitches. When DNA junctions have been analysed using 
fluorescence, FRET has been the methodology used. In this chapter, an approach 
using 2-amino purine (AP) is used. 
AP is a fluorescent analogue of adenine, which base pairs with thymine and causes 
minimal disruption to the helical structure of the duplex [88, 89]. While the free 
nucleoside is a strong emitter from the 7r*  state [90, 91], a state not populated in 
natural bases, its emission is strongly quenched in a double helix and it has thus 
found extensive use in the study of nucleic acid and nucleic acid-protein structure 
[92, 93, 94]. Further, the use of time-resolved emission analysis has elucidated detail 
on the quenching mechanism and thus given greater insight into the dynamics of base 
movement and base-base interactions in the helix [92, 94, 95]. 
The decay of AP nucleoside in solution is monoexponential with a lifetime of around 
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iOns at 20°C [92]. When incorporated in a duplex, AP is quenched, and it is 
necessary to use four components instead of one to describe its decay. The longest 
component, which is similar in lifetime to the free dye, is thought to correspond to 
AP in an extra-helical or solution-like environment. The two intermediate lifetimes 
of approximately 2 and 0.7 ns are not well characterised but may correspond to two 
distinct conformations intermediate between the solution-like and fully-stacked states 
[94]. The shortest lifetime, typically < 100 Ps, has been the subject of considerable 
study and is accepted to be the result of quenching of excited AP by a process which is 
strongly dependent on stacking [95, 96, 97]. This quenching is dynamic: it requires 
orbital overlap between adjacent bases which is the result of thermally activated 
structural fluctuations; i.e. when bases are stacked on top of one another, quenching 
occurs [98, 99]. Crystallography suggests that the bases of the branch point are better 
stacked in the closed conformation than in the open conformation of the HJ [33, 10, 100]. 
As quenching of AP can be dependent on stacking, the use of this property in the study 
of DNA nanoswitches was investigated. It was speculated that bases at the branch point 
were imperfectly stacked when the nanoswitch was open, since electrostatic repulsion 
forces the arms apart and that upon addition of Mg2+,  phosphate charges were screened 
allowing the nanoswitch to close. Closing could then allow the bases at the branch 
point to stack in a helix [10], and by positioning an AP at the branchpoint fluorescence 
emission would be modulated depending on whether the nanoswitch was open or closed. 
This could then be extended to investigate whether nanoswitches constructed using non-
complementary targets exhibited differences in fluorescence depending on how much 
the mismatched nucleotide disrupts stacking. The results could be used to identify how 
single nucleotide target mismatches disrupt branch point structure. 
In addition, this approach presents a truly label free analysis for the detection of base 
mismatches, using direct measurement of the DNA duplex perturbation. The quenching 
of AP has been used as an indicator of base flipping [94], and could prove to be a useful 
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SNP detection methodology. 
7.2 Methods & Analysis 
7.2.1 Sample Preparation 
5'-TGCATAGTGGATTGCATTTTTGCA [AP2]TCCTGAGCACATTTTTGTGCTC-
[AP1]CCGAATCCCA-3' was synthesized (Eurogentec) with 1 and 2 representing the 
positions where 2-amino purine has been substituted for adenine in NS, and NS2 
respectively; NS, was used to probe the effect at the branch point while NS2 was 
used as a control with the AP on the junction arms. This is illustrated in Fig. 7.1. The 






Figure 7.1: The location of AP in the nanoswitch structure is illustrated here. 
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7.2.2 Steady-state Fluorescence 
Steady state fluorescence measurements of the probe and probe-target complexes were 
measured using excitation at 309 nm and emission measured over the range of 320-500 
nm using a Fluoromax Spectrofluorometer. The AP emission peak was measured at 
374nm. The samples (50 /iL) were measured in the absence and presence of Mg2+  by 
manual addition of MgCl2 to the cuvette. The optimal optimal excitation wavelength 
was confirmed by running excitation spectra prior to the emission spectra. 
7.2.3 Time-resolved Fluorescence 
AP excitation was achieved at 305 nm using the titanium sapphire laser system outlined 
in Chapter 2.4.2. For each sample, AP fluorescence decays were collected at 90 degrees 
to the excitation. The emission was passed through a monochromator set at a selection 
of three emission wavelengths around the emission peak, namely at 475, 480 and 
485 nm, with a bandpass resolution of 10 nm. An emission polariser was set at the 
magic angle, with respect to the excitation polarisation, to negate anisotropy artefacts. 
An appropriate instrument response was measured for each sample using a standard 
colloidal scattering sample. 
The decays measured were fitted to (2.69), the multiple exponent model with k = 4, 
with consideration of the instrument response. The data did not show any significant 
variation across emission wavelengths; details of these are included in Appendix A. As 
such, multiple measurements of a single sample were analysed globally, with a single 
global chi-square and set of parameters, using Edinburgh Instruments FAST software, 
and are reported in this chapter. 
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Figure 7.2: 2AP emission spectra for NS1, both with and without target. Upon the 
addition of Mg2+, there is a marked decrease in fluorescence emission intensity. This 
is qualitatively consistent with expectation. The small peak at 345 nm is believed to be 
a Raman artefact, visible as a result of the low fluorescence emission levels. 
7.3 Results & Discussion 
7.3.1 Steady-state Fluorescence 
First, the steady-state spectra obtained by positioning an AP at the branchpoint of 
the nanoswitch, were analysed in an attempt to distinguish between open and closed 
conformers. The sequence and junction structure is identical to that used in FRET 
studies in preceding chapters, with an adenine at the branchpoint substituted for an 
AP. The base in this position should not directly base-pair with the target and when 
in the closed conformer should not be in the same helix as the target. The nanoswitch 
was assembled using an excess of complimentary target sequence and gel electrophoresis 
measurements confirmed that target and probe were bound, as would be expected from 
the preceding work. 
It was shown in Chapter 4, using FRET, that addition of magnesium> 100 MM causes 
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the nanoswitch to completely close an this is detected here using using steady-state 
emission from AP in the branch point. 
Addition of Mg 2+ to the nanoswitch causes the AP emission to be quenched to 34% of 
its original level. The probe without target is only quenched to 67 % of its original value 
on addition of Mg2  (Fig. 7.2) It was confirmed using steady-state and time resolved 
fluorescence that AP is not quenched by these concentrations of Mg 2+ 
As a further control, it was decided to investigate an AP containing duplex, with a 
sequence chosen to make the duplex analogous to the stacked duplex, formed in the 
closed conformation, which contains the AP in NS1. This duplex only undergoes very 
slight quenching (96 + 2%) on addition of Mg2 and has very similar emission to the 
closed nanoswitch at the same concentration. This implies that the AP is quenched 
to a similar degree in the closed nanoswitch and further demonstrates that AP is not 
significantly quenched in a duplex by addition of Mg2t 
Positioning AP in one of the double-stranded arms of the nanoswitch (NS2 ) leads to 
negligible quenching on addition of Mg2  and confirms that the effect is specific to an 
AP at the branchpoint. 
With the extent of quenching in a switch assembled using perfectly matched target 
shown, quenching when using targets with single base-mutations at the branchpoint 
was investigated. There is considerable variety in the degree of quenching when the 
nanoswitch closes as shown in Figure 7.3. Notably the nanoswitch formed using target 
bC is only quenched to a very small extent, similar to the probe without target. Only 
biC and liT form nanoswitches which quench more than the complementary target on 
addition of Mg2 . 10A and lOT form switches which quench less than the wild-type 
and this may be due either to reduced stacking at the branchpoint or may be the result 
of replacing a guanine (on the wild-type target) with a less quenching base. 
In order to confirm that these changes in nanoswitch function are specific to the 
130 
















10C 'Ot 71C 71G 117- 
Target 
Figure 7.3: The level to which the emission intensity of the AP in NS, and NS2 was 
quenched by addition of M902,  for all targets, expressed as a percentage of the initial 
fluorescence intensity. 
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branchpoint, the extent of quenching using nanoswitches assembled from probe with AP 
in one of the double stranded arms rather than at the branchpoint (NS2) were measured. 
All cases exhibited minimal quenching on addition of magnesium, with little difference 
between mutants, confirming that mismatches at the branchpoint do not affect an AP 
positioned in one of the arms, only an AP at the branchpoint. Mutations beyond the 
branch point are indistinguishable from the perfectly matched case and this correlates 
reasonably well with data collected using FRET. 
The above data clearly demonstrates that AP is a useful probe of nanoswitch 
conformations and displays target-specific differences in quenching. 
The small degree of Mg 2+  induced quenching of probe in the absence of target 
(Figure 7.3) is a slight complication in the interpretation of the data, i.e. , it looks 
like the switch closes to a small degree in the absence of target. 
7.3.2 Time-resolved Fluorescence 
The hypothesis was that quenching on addition of magnesium was caused predomi-
nantly by an improvement in base stacking at the branchpoint, and by an associated 
improvement in quenching from nearby guanines. Guanine has been shown to quench 
AP emission more than other bases and careful studies have identified charge-transfer 
mediated reactions such as ring opening or disulfide formation at bases significantly 
removed from the point of irradiation [101, 102]. By separating quenching into four 
separate lifetimes and focussing on the shortest of these, it is possible to gain a 
more specific measure of base stacking mediated structural changes at the nanoswitch 
branchpoint than by steady-state fluorescence. 
Fluorescence lifetime spectra of NS, with and without target were measured in the 
presence and absence of Mg2+.  As expected, a high quality of fit was obtained using 
a four exponential model; the use of three exponential terms results in a systematic 
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Figure 7.4: The difference in fluorescence decay obtained from open (red) and closed 
(blue) nanoswitches. The fits obtained using four exponentials are illustrated with 
the solid lines and the residuals obtained are illustrated beneath the main plot. The 
randomness of the residuals, in addition to the reduced 	provided in Table 7.1, can 
be used to demonstrate the quality of fit. 
variation of the residuals and a poor x• Fig. 7.4 shows typical decays of AP in an 
open and closed nanoswitch. There was little variation in the decays, either visually or 
in the recovered parameters (Appendix A), unsurprisingly given that the wavelength 
resolution of the instrument was set to 10 nm, due to low light levels. The decays for 
each sample were therefore analysed globally, with the values of aj, Tj linked across all 
decays. The quality of fit remained high, with values of 	(global) of similar levels to 
those in published results of this nature [94]. 
The lifetimes and relative amplitudes are shown in Table 7.1. This table also quotes 
the global X2  (global) for each fit. As these lifetimes are obtained from the same 
fluorophore, their radiative decay rates can be considered approximately constant and 
therefore each lifetime corresponds to a discrete fluorophore conformation. Each aj 
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thus corresponds to the fraction of the molecules in each conformation, i, at t = 0, the 
instant of excitation. This in turn corresponds to the ground state equilibrium [47]. 























No Target 0 0.54 0.20 0.20 0.05 0.07 0.46 2.50 7.52 1.090 
No Target 10 0.43 0.38 0.13 0.06 0.08 0.20 2.05 7.50 1.047 
10A 0 0.61 0.19 0.17 0.04 0.09 0.69 2.67 8.47 1.078 
10A 10 0.74 0.10 0.08 0.08 0.06 0.61 2.70 9.87 1.028 
bC 0 0.62 0.18 0.17 0.04 0.08 0.68 2.69 8.55 1.063 
bC 10 0.64 0.16 0.10 0.10 0.07 0.54 2.69 9.41 1.051 
lOT 0 0.63 0.17 0.16 0.04 0.09 0.67 2.65 8.38 1.127 
lOT 10 0.74 0.10 0.07 0.08 0.06 0.49 2.46 9.86 1.024 
11C 0 0.65 0.16 0.14 0.04 0.08 0.68 2.61 8.09 1.103 
11C 10 0.80 0.09 0.06 0.06 0.04 0.47 2.34 9.81 1.073 
liT 0 0.77 0.10 0.10 0.03 0.07 0.60 2.55 8.60 1.175 
liT 10 0.91 0.04 0.03 0.03 0.06 0.58 2.52 10.38 1.067 
hG 0 0.62 0.16 0.16 0.07 0.07 0.54 2.55 8.54 1.024 
biG 10 0.81 0.07 0.05 0.08 0.04 0.51 2.69 9.86 1.120 
Duplex 0 0.73 0.14 0.10 0.03 0.04 0.36 2.17 7.71 1.047 
Duplex 10 0.81 0.10 0.06 0.03 0.03 0.33 2.04 8.21 1.049 
Table 7.1: Parameters recovered from multi-expoential model fits to 2AP fluorescence 
decays. 
The difference in lifetimes between a complete (with target) and incomplete nanoswitch 
(without target) is considerably more distinct than in the case where only consider 
steady-state quenching was considered. In the case with target, c increases on addition 
of magnesium; without target al decreases. This demonstrates that since branchpoint 
stacking only increases when target is present, by examining al, it is possible to 
discriminate target binding and switching. Another notable difference between the 
target and non-target cases is the behaviour of the longest lifetime. Without target, c4 
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and '74 show little change but with target T4 increases by 1.3 us on addition of Mg2 . 
This implies that branch point bases are less solvent exposed in a closed junction, 
(as shown previously using osmium tetroxide reaction[10] meaning that solution-like 
quenching is impeded. These results particularly highlight the value of using lifetime 
analysis to measure branchpoint stacking and these results are now used to examine the 
differences between stacking in nanoswitches assembled using matched and mismatched 
targets. 
For all complete nanoswitches in the open conformation, the parameters of the fit are 
very similar. These show approximately 60 - 70 % of AP to be in a highly stacked 
environment (i.e. al  is ' 0.6 - 0.7), with the exception of liT, which is discussed 
further below. For the incomplete nanoswitch (no target), 54 % AP are in a highly 
stacked environment, which is lower than for the complete nanoswitches (with target). 
This is to be expected given that two arms of the junction are unhybridised and the AP 
is in a less structured environment. In the case of the duplex, 73% of the probe is in a 
highly stacked conformation, which is higher than all other cases, as expected for a fully 
complimentary duplex. In these solution conditions, this value should be considered 
as indicative of maximal stacking. In addition, the stacked conformation lifetime (ri) 
is at its shortest for the duplex, indicating that AP in the highly stacked environment 
experiences more efficient quenching through improved orbital overlap. For each of 
the open nanoswitches, the magnitude of the stacked lifetime is greater, indicating 
that, in addition to a smaller population of AP adopting the stacked conformation, the 
quenching is also less efficient. Again, this is to be expected as base stacking is less 
complete in comparison to a complimentary duplex. 
In the closed conformations, the most obvious effect is that the populations of the short 
lifetime conformation increases for all but the incomplete nanoswitch; this indicates 
that the nanoswitch without target is unable to adopt a more stacked conformation, as 
expected. 
135 
Chapter 7. 2-Amino Purine as a Probe of Nanoswitch Structure 
For all other nanoswitches, the stacked population increases at the expense of the 
longer lifetime environments. This is indicative of the predicted increased stacking 
of junction arms. However, mutation of the complementary target affects how 
much this population increases; in general, the population never reaches that of the 
complementary nanoswitch, which in turn is smaller than the duplex at these solution 
conditions. There are two exceptions, liT and hG, which are discussed below. 
It is also clear that for the duplex and all complete nanoswitches, the stacked lifetime 
is shortened, indicating improved orbital overlap and hence more complete stacking at 
the branchpoint of the probe. Interestingly, r2 shortens in all cases, indicating that this 
lifetime experiences an increased quenching efficiency, supporting the assertion that 
these may be incompletely stacked environments. 
For the bA, 10C and lOT targets, al is not as high as with the perfectly matched target. 
This correlates well with FRET measurements which showed that these nanoswitches 
have populations with a higher average fluorophore separation, even at high Mg2+ 
concentrations. 
The nanoswitch formed with 11C has changes in a1 and r1 that are the most similar 
to the perfectly matched target. FRET studies also showed, in earlier chapters, that 
the 11C nanoswitch gives a response most like the perfectly matched target, showing 
correlation between FRET and AP fluorescence lifetime studies. 
In previous chapters, it was found that the hG gave a nanoswitch with a FRET 
response similar to the open conformation, even at high Mg2+ concentration. On this 
basis, a small degree of quenching for 11G would be expected, however behaviour very 
similar to the matched target is observed. Indeed, when fully closed, this nanoswitch 
behaves similarly to the duplex. One reason for this may be that although this mutation 
leads to a high proportion of open switch, which should lead to decreased quenching, 
the mutation that was introduced (a guanine) may quench the AP emission more than 
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other bases and thus compensate the effect of reduced stacking. 
However, liT behaves differently on addition of Mg 2+. In the case of liT, ci increases 
from 0.76 to 0.90 but comparing this with steady state data, liT behaves like a matched 
target. When the structure formed by this sequence is closely examined, it has a possible 











Figure 7.5: Potential misfold structure with 11 T. The mutation is shown in red and the 
position of AP is shown in italics. 
In the structure formed with liT, without Mg2 , a is already as high as in the closed 
nanoswitch with matched target, and it increases on addition of Mg2 . The potential 
misfold formed with liT moves the AP into a different arm of the nanoswitch and closer 
to the quenching effect of proximal guanines even in the absence of Mg2+,  leading to a 
large c. Addition of Mg 2+  improves base stacking and moves another guanine within 
charge transport range leading to a further increase in ci. 
It should be noted that the steady-state intensities inferred from these decays (from 4 = 
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E j air) do not agree entirely with the trends observed in the steady-state experimental 
results. This is attributed to an interference in the long lifetime due to the presence 
of a weak red shifted emission [95], which has been observed in some samples here. 
This has the effect of slightly interfering with the longest lifetime, which has a large 
fractional contribution to the steady-state intensity. 
Together, these results show that fluorescence lifetime analysis of nanoswitches 
containing AP gives structural information that cannot be extracted from FRET alone. 
7.4 Conclusions & Comments 
The use of 2-Amino Purine as probe of structure in DNA nanoswitches has been 
demonstrated. AP has been shown to be a useful using both steady-state and time-
resolved spectroscopy. 
In particular, the use of time-resolved fluorescence has been shown to provide direct 
information about the branch point structure. In the stacked conformer, an increase 
in the pre-exponential factor for a short lifetime, attributed to a highly stacked 
environment, was observed. 
With mismatched targets, the value of this pre-exponential factor varied between the 
extremes observed for the open and closed, matched nanoswitch. This indicates a 
barrier to stacking, as observed in previous chapters. There was one obvious exception, 
which could be explained by a miss-fold. 
In a addition to providing a unique insight to branch point structure, the use of AP 
forms a truly label free molecular recognition mechanism. 
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8.1 Implementing DNA Nanoswitch Biosensors 
The structural properties of DNA nanoswitches, using several distinct fluorescence 
analysis methods, have now been demonstrated. The structural effects of target 
mismatches are now more clearly understood; all results thus far have been consistent 
with a disruption of the preferred stacked conformer rather than, for instance, 
population of the alternative stacked conformer. 
The use of these devices as molecular sensors would require a high throughput analysis 
methodology. In this thesis, two possible approaches have been proposed involving the 
use of time-resolved fluorescence. As alluded to in previous chapters, time-resolved 
fluorescence is ideal for nanotechnology applications, as the result is a property of the 
fluorophore and its environment. The fluorescence lifetime is therefore insensitive to 
local fluctuations in sample concentration and instrument variations, such as excitation 
source. 
This chapter extends work looking at two possible time-resolved methodologies: A 
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fluorescence lifetime plate reader and Fluorescence Lifetime Imaging Microscopy. These 
were initially used with the SHJ structure, as a model with which to test these 
approaches, in Chapter 3. 
The molecular recognition devices were investigated using these techniques. The 
changes in donor decay for these cases were much more subtle, and as such resolution 
was more of an issue. A multiple-exponential model was therefore used to model the 
decay, to provide as accurate a mathematical description as possible. The use of FLIM 
was also investigated for these molecular architectures. 
8.2 Methods & Analysis 
The Edinburgh Instruments fluorescence lifetime plate reader, used in Chapter 3, was 
used again here. Donor excitation was achieved using the plate reader, which contains 
a diode laser with 470 rim emission with a 5 MHz repetition rate. Donor emission was 
collected through a 520 nm filter, which corresponds to the peak of the donor emission 
spectrum. 
For analysis of molecular recognition nanoswitches, the resolution required was 
narrowed when distinguishing individual target mutations. It was found that, with 
the resolution of this instrument, a precise mathematical fit was obtained by fitting 
a two exponential model to the data, as illustrated in Fig. 8.1. The short (0.3 ns) 
lifetime is not required to adequately describe the decay, possibly die to the lack of 
instrument response consideration. This suggests that this lifetime is not detectable by 
this instrument at the low amplitude with which it is observed. By then using (2.30), 
changes in 4re1  can be used to infer changes in donor fluorescence intensity, again using 
the automated fitting and analysis software supplied with the instrument. As ever, 
donor fluorescence intensity was expected to decrease with increased FRET efficiency. 
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Each sample was measured in triplicate. An average value was then taken for reporting 
here as variation across samples was small. The largest source of variation was from 
wells which had been incorrectly focussed, which therefore had poor decays, or no 
decays at all, recorded. These resulted in unrepresentative values of 	and were 
therefore discounted from the final results. 
The same set up as in Chapter 3.7.1 was used here for FRET FLIM measurements, 
which requires a single exponential fit to the intensity of pixels in the image buffers. 
This was shown in Chapter 3 to be sufficient for monitoring changes in nanoswitch 
conformation; for molecular recognition purposes the change in fluorescence decay will 
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8.3 Results & Discussion 
8.3.1 High-throughput mismatch detection with DNA nanoswitches 
For the nanoswitch device, more care was taken when fitting the data to fully fit the 
fluorescence decay, with a two exponential fit found to be satisfactory, as shown in 
Fig. 8.1. The fewer number of exponents required when compared to previous data 
is likely to be due to particularly short lifetimes being absorbed by the instrument 
response width and anisotropy effects. 
Figure 8.1: Data obtained from the fluorescence lifetime plate reader, fitted by a double 
exponential model. The residuals of the fit are shown beneath. 
The nanoswitch was analysed for each possible mutation of the 10th and 11th target 
bases in Fig. 4.1. Each sample was analysed both in the presence and absence of 5 
MM MgC12. Fig. 8.2(a) shows a plot of rei at a sample probe concentration of 1 AM, 
which is the probe concentration used in the structural studies of Chapters 5 and 6. 
In Fig. 8.2(a), as the value of rei is reduced by FRET, a low value of rel  indicates a 
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high FRET efficiency; a nanoswitch in the stacked conformation will therefore have a 
low 're1 
It would be expected that the behaviour for mismatched target sequences would be 
similar to that observed using steady state emission spectroscopy: The value of ret 
should range between that of the open nanoswitch and that of the closed nanoswitch. 
That is indeed the case in Fig. 8.2(a), with the same trends observed as those in Fig. 4.4. 
This demonstrates that this method can be used for high throughput analysis of these 
nanoscale devices. 
To test the limit of the acquisition time, the samples were measured again with 1 
second acquisition time. The results obtained are shown in Fig. 8.2(b). These show no 
variation, indicating that an integration time of 1 second is acceptable. 
The behaviour of the nanoswitch at low probe concentration is shown in Fig. 8.3. Again, 
differences are observed between the mismatched targets with the same trends as in 
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Figure 8.2: 	for the donor in the DNA nanoswitch with each possible target 
mutation at the 10th and 11th target base at 1 pMprobe concentration. In the stacked 
conformation, the donor will undergo efficient FRET; as such, a low value of 4 re1 
indicates a closed nanoswitch and a low value an open nanoswitch. (a) contains data 











1.8 k  
Matched 10A 100 	lOT 	110 	hG 	liT 
Target 
Figure 8.3: (Dr,I for the donor in the DNA nanoswitch with each possible target mutation 
at the 10th and 11th target base at 25 nM probe concentration. 
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8.3.2 Imaging Nanoswitch Molecular Recognition 
FRET FLIM images for the nanoswitch without target are shown in Fig. 8.4. A small 
change in donor lifetime is visible, as would be expected. Fig. 8.5 shows the effect 
with target. The change is even less visible here, although there is a slight reduction 
in donor lifetime. It is possible that, with more sophisticated FLIM analysis, this 
resolution could be made clearer. 
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Figure 8.4: Donor FLIM images for nanoswitch droplets, without target, in the open 
and closed conformations. 
Open 	 Closed 






Figure 8.5: Donor FLIM images for nanoswitch droplets, with target, in the open and 
closed conformations. 
8.4 Conclusions & Comments 
The use of a fluorescence lifetime plate reader has been shown capable of identifying 
singe base mismatches in a target oligonucleotide using nanoswitch sensors. It is also 
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shown that resolution between targets can be obtained using a low probe concentration 
of 25 nM. The operation of the nanoswitches as sensors in this probe concentration 
regime is important for the use of these nanoscale devices in genotyping applications. 
The use of donor fluorescence lifetime has been shown again to be capable of 
resolving SNPs in a nanoswitch target. This, combined with the result for FLIM in 
Chapter 3, shows the efficacy of fluorescence lifetime analysis in this application, which 
is particularly useful as the results will be independent of local fluctuations in sample 
concentration. 
Preliminary FRET-FLIM images of nanoswitch droplets have been presented, which 
show slight discrimination between open and closed nanoswitches, both with and 
without target. With modification of the instrumentation to provide a greater 
image buffer resolution and an improved, multiple exponential fitting analysis, it is 
believed that these results could be improved. This methodology would allow easy 
determination of spatial heterogeneity in nanoswitch conformation in, for instance, 
microarray technology. These results show demonstrate a method of producing a 
high-throughput analysis of a DNA sample using nanoswitches, which are increasingly 





DNA nanoswitches have been shown to be capable of detecting a complementary 
target oligonucleotide with single base precision. The two-stage process involves 
complementary binding of the target followed by a conformational change. 
Steady-state fluorescence studies, in conjunction with gel electrophoresis experiments, 
showed that although a short (' 10 bp) armed nanoswitch was not fully stable in buffer 
solutions with a low cation concentration, extension of the arms by 4 bp created a stable 
molecule. Time-resolved fluorescence was shown to be capable of resolving changes in 
nanoswitch conformation using a simple analysis to monitor the donor fluorescence 
lifetime, with a mono-exponential form sufficient to allow changes in conformation to 
be detected, despite not fully describing the donor decay. This principle allowed a FLIM 
image of nanoswitch droplets, in the open and closed conformations, to be measured, 
With these observations in mind, a nanoswitch was designed for molecular recognition 
purposes. To overcome issues of stability, thymine loops were added at the ends of 
the complete arms on the probe. This was shown, using ge1FRET, to be capable of 
binding to a complementary target and forming a fully switchable, stable nanoswitch. 
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In both ge1FRET and solution based measurements, the FRET efficiency was shown to 
change sufficiently in the presence of non-complementary targets to allow single base 
mutations to be detected. This principle was shown for both DNA and RNA targets. 
Donor fluorescence decays were fitted with a model assuming a Gaussian distribution 
for the fluorophore separation. The results suggested a peak separation change of 
10 A between the open and closed conformations. Single nucleotide target mismatches 
caused peak separations between the matched closed case (40 A) and the matched open 
case (50 A). These results illustrate the subtlety of the recognition mechanism. 
Donor fluorescence decays were then tail-fitted to a distribution of fluorescence lifetimes, 
in an attempt to glean an insight to the true, unconstrained distribution. The 
open, matched molecule showed a largely Gaussian shape which largely matched the 
Gaussian-constrained result. The donor used here was not ideal for this study, as it 
exhibited a donor-only decay which was not single exponential in nature. However, 
interesting, qualitative results were suggested: For the closed case, the distribution 
was a narrow peak with a steep side at short separation and an elongated tail at 
large separations. This suggested a potential barrier preventing the arms coming 
closer together and a ability for the arms to drift further apart, towards the open 
conformation, as expected given observations that DNA junctions flip between stacked 
conformations. When mismatches were introduced to the target, the nanoswitch was 
prevented from adopting the closed conformation to varying extents, with a clearly 
bimodal form apparent in some cases. The second, larger separation peak was in 
the approximate location of the open conformation, with comparable width. This 
suggests that the recognition of mismatches is due to modified energetics which prevent 
the nanoswitch from fully adopting the closed conformation, providing a qualitatively 
different conclusion to that obtained from the Gaussian constrained work. The 
distribution curves were used to extrapolate free energy curves, which allowed an 
estimation of the energetic perturbation caused by a single base mismatch. This was 
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lower than a typical DNA hydrogen bond, again illustrating the sensitivity of this 
technique for molecular recognition. 
A novel structural investigation using the fluorescent analogue of adenine, 2-amino 
purine, was presented. It was shown that the amplitude of a short lifetime component 
was increased on switching, which could be directly attributed to increased base 
stacking. Mutations of the target base primarily caused a variation in the amplitude of 
this lifetime. In addition, these results presented a truly label free molecular recognition 
mechanism, which uses the stacking of the DNA duplex to report on mismatches. 
Finally, a FRET system for high-throughput analysis of solution samples was presented. 
Using a two exponential fit to describe the decay, the value of 4P,,j was shown to 
be an useful measure of FRET efficiency and, therefore, nanoswitch conformation for 
high-throughput analysis purposes. This is particularly encouraging in the context 
of the FLIM data presented previously, which could be used to readily observe spacial 
heterogenity in conformation, independent of local fluctuations in sample concentration. 
This would be ideal in a microarray application. 
This methodology is distinct from others as the act of hybridisation and the 
conformational change are separate events, and the mechanism does not involve the 
breaking of hydrogen bonds. There is no intrinsic energy barrier to binding, which 
should make the recognition mechanism more efficient. 
There is significant scope for improvement and customisation of the molecular 
recognition system. The fluorophores could be replaced with longer lifetime dyes, which 
would then exhibit a larger change in donor fluorescence lifetime. A static quencher 
may also be used, which, with appropriate design, could be used to increase fidelity 
similarly. The selectivity could also be improved by using a Mg2 concentration which 
confers maximum discrimination. 
An important issue here is that SNP detection is limited to the sensitive branch point 
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region. There are only a limited number of sequence permutations capable of forming 
a DNA junction, which would limit the range of SNPs available for interrogation. This 
could be overcome by using synthetic materials, but greater knowledge of the branch 
point energetics, possibly through molecular dynamics simulations would be required. 
However, this property is advantageous in other respects, providing a unique sequence 
specificity which is independent of the hybridisation energies. 
Regardless, DNA nanoswitches have been shown to show promise for molecular 
recognition applications. The unique detection methodology could have applications in 
molecular profiling and pathway diagnostics. In addition, the general principle is not 
only applicable to switches, but also any number of nanoscale DNA devices capable of 
making a conformational change. 
9.2 Further Work 
This work has provided a foundation to work using DNA nanoswitches for molecular 
recognition purposes. The next step is to explore how these could be used in a real, 
practical environment. 
The fidelity of a FRET based molecular recognition system could be improved by the 
use of longer lifetime fiuorophores, which would result in a larger overall change in donor 
fluorescence lifetime. This would help to increase the fidelity between targets like, for 
instance, 1OA and lOG, which consistently show similar levels of FRET efficiency. This 
would also increase the usefulness of FLIM based assays, allowing changes to become 
more distinct. 
By attaching these molecules to a surface, prototype microarray assays could be 
formed. In other work carried out by this research group, these nanoswitches have 
been shown, using confocal microscopy, to be capable of recognising complementary 
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targets on a surface. As an extension of this principle, work has been conducted on 
creating an electrochemistry-based approach for delivery of a Mg 2+  ion flux to cause the 
conformational change, in addition to preliminary experiments showing electrochemical 
control of nanoswitches using both Mg 2+ and Zn2+ 
The most important aspect, however, involves designing probes capable of detecting 
real SNP sequences of interest. An initial study in this group using this methodology 
has shown that these devices are capable of correctly calling a specific genotype from 
clinical samples. This is obviously a promising result, and augurs well for future work 
with these nanoswitches. 
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Target [Mg2+] A (TIM) al O2 a3 ci4 71 2 73 T4 x 
Matched 0 MM 375 0.62 0.18 0.16 0.04 0.08 0.66 2.69 8.86 1.072 
Matched 0 MM 380 0.61 0.19 0.16 0.04 0.07 0.66 2.81 9.03 1.062 
Matched 0 MM 385 0.64 0.17 0.14 0.05 0.08 0.72 2.87 8.81 1.088 
Matched 10 mm 375 0.75 0.10 0.08 0.08 0.05 0.59 2.60 9.95 1.03 

















































10A 0 mm 375 0.59 0.20 0.17 0.03 0.07 0.65 2.73 8.81 1.044 
10A 0 MM 380 0.59 0.19 0.18 0.04 0.08 0.65 2.75 8.73 1.068 
10A 0 MM 385 0.54 0.22 0.20 0.04 0.10 0.77 2.72 8.52 1.115 
bA 10 mm 380 0.69 0.12 0.09 0.09 0.05 0.62 2.83 9.90 1.081 
10A 10 mm 385 0.68 0.13 0.10 0.09 0.05 0.62 2.76 9.94 1.055 
bC 0 MM 375 0.59 0.19 0.18 0.04 0.08 0.65 2.73 8.59 1.086 
10C 0 mm 380 0.58 0.20 0.19 0.03 0.08 0.71 2.84 9.07 1.074 
10C 0 mlvi 385 0.56 0.21 0.20 0.04 0.08 0.66 2.69 8.76 1.04 
bOC 10 mm 375 0.62 0.18 0.11 0.10 0.06 0.54 2.78 9.50 1.059 
10C 10 mm 380 0.61 0.18 0.11 0.11 0.07 0.55 2.80 9.45 1.025 
10C 10 mm 385 0.60 0.18 0.11 0.11 0.07 0.56 2.77 9.47 1.014 
Table A.1: Individual AP deacy fitting parameters and 	part 1. 
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Target [ Mg" j  A (nm) ai ci2 c13 a4 ri 2 7-3 74 
lOT 0 MM 375 0.60 0.18 0.17 0.05 0.08 0.62 2.61 8.22 1.065 
lOT 0 MM 380 0.59 0.20 0.18 0.04 0.08 0.72 2.82 9.05 1.124 
lOT 10 MM 375 0.71 0.11 0.08 0.09 0.06 0.51 2.51 9.85 1.063 
lOT 10 MM 380 0.71 0.12 0.09 0.09 0,05 0.49 2.53 9.91 1.01 
11C 0 MM 375 0.65 0.16 0.14 0.05 0.07 0.70 2.78 8.44 1.119 
11C 0 MM 380 0.61 0.18 0.16 0.05 0.07 0.67 2.62 8.20 1.101 
11C 0 MM 385 0.61 0.19 0.16 0.04 0.07 0.73 2.83 8.73 1.057 
11C 10 MM 375 0.78 0.10 0.06 0.06 0.05 0.50 2.49 10.00 1.032 
11C 10 MM 380 0.77 0.10 0.06 0.06 0.07 0.67 2.62 8.20 1.101 
11C 10 MM 385 0.76 0.10 0.07 0.07 0.04 0.49 2.41 9.83 1.016 
hG 0 MM 380 0.62 0.15 0.16 0.07 0.07 0.54 2.55 8.54 1.024 
HG 10 MM 375 0,78 0.07 0.05 0.09 0.05 0.57 2.91 10.01 1.024 
hG 10 MM 380 0.76 0.08 0.06 0.10 0.04 0.58 2.87 9.85 1.018 
liT 0 MM 375 0.75 0.11 0.11 0.03 0.07 0.60 2.62 8.82 	1.094 
liT 0 MM 380 0.76 0.11 0.10 0.03 0.07 0.65 2.70 9.04 1.075 
liT 0 MM 385 0.73 0.12 0.12 0.03 0.07 0.58 2.57 8.55 	1.039 
liT 10 MM 375 0.84 0.08 0.04 0.04 0.04 0.38 2.24 10.23 	1.078 
liT 10 MM 380 0.84 0.08 0.05 0.04 0.05 0.48 2.50 10.44 1.05 
Table A.2: Individual AP deacy fitting parameters and 	part 2. 
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